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Abstract
Abstract
The strain relaxation behaviour of < 001 > and < 111 > oriented In^ ^Gai.jAs layers 
grown on GaAs substrates has been investigated using surface profilometry and 
high resolution X-ray diffraction.
The strain relaxation behaviour of single In^Gai.xAs layers (grown by various 
methods) has been studied using double crystal X-ray diffraction. The layer strain 
has been shown to be predictable, following the empirical relaxation law given by
k
where is the residual strain, d  is the layer thickness and ^ is a constant (=0.84 
nm ± 0.18 nm). In addition it is shown, using previously published data, that 
this law is applicable to other semiconductor alloy systems.
Results show that the relaxation behaviour of < 111 > oriented material is very 
similar to that of <001 > oriented material. However, the <111> critical 
thickness is 1.23 times that for <001 > material in agreement with theory.
It is shown that plastic relaxation of good quality epitaxially strained layers /6 
accompanied by roughening of the surface in the form of striations and that the 
maximum striation height is always less tha/»20 nm regardless of layer thickness.
Measurements of strain relaxation in multi-quantum well type samples show good 
agreement with a simple geometric theory in which the minimum barrier thickness 
needed to decouple strained layers of thickness is given as 0.62/?^.
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Introduction
Introduction
1.1 Introduction
Binary semiconductor compounds from Groups III and V (such as GaAs or InP) 
in the periodic table are increasingly being used in modern electronic devices due 
to their ability to make strained ternary or quaternary alloys. These materials have 
band-gaps which are related directly to the alloy lattice parameter. Figure 1.1 
shows schematically the relationship between band-gap and lattice parameter (and 
wavelength of light emitted or detected depending on the type of device).
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Figure 1.1 Schematic diagram showing the relationship between the 
lattice parameter and band-gap for commonly used semiconductor 
materials.
These strained alloy materials are grown on mismatched substrates (for example 
n^jG^ ^As layers on InP or GaAs substrates). However when using mismatched 
systems if a critical layer thickness is exceeded then dislocations can form which 
lead to relaxation of the layers and, possibly, degradation of active layers. It is 
important to understand how relaxation occurs and what affect this has on the 
material. To reduce the presence of dislocations and, hence, prevent significant
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relaxation leading to degradation of device structures, intermediary or buffer 
layers are used. Buffer layers are designed to accommodate the mismatch between 
the substrate and the desired alloy layer. They need to be of the highest quality 
growth possible so that the top layer has the desired composition (and therefore 
lattice parameter). The relaxation behaviour of this type of layer also needs to be 
understood and controlled (by changes in layer thickness or composition).
The work in this thesis is concerned with the study of relaxation and its effects on 
mismatched layers (ïn^Ga .^^As on GaAs) using surface profilometry and high 
resolution X-ray diffraction.
1.2 Buffer Layers
With the increasing demand for mismatched semiconductor devices where the 
active region has a different composition to that of the substrate one possible 
method to achieve this is to use buffer layers. The purpose of an ideal buffer 
layer is to achieve a single-crystal, defect-free surface with a different lattice 
constant from that of the substrate.
The two main types of buffer layer normally considered are either step graded or 
continuously graded layers. In a step grade structure layers of constant 
composition are grown with the composition increased for each successive layer. 
Continuously graded layers have aaincreasing composition in the layer as it 
is grown.
Dunstan^ gives a review of the design and growth considerations for relaxed layer 
buffer layers using pseudomorphic epitaxial growth based on experimental results 
obtained for(lnp^s/GaAs. Other authors have used other alloy systems (for 
example Fitzgerald et al.^ used compositionally graded SiGe/Si buffer layers and 
then grew devices on top).
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TersofF considered compositionally graded layers with a view to using the 
grade as a barrier to dislocation nucléation. Chang et al^ studied linearly graded 
(injG^s/GaAs and(lnp^/GaP noting that the multiple dislocation loops observed 
by transmission electron microscopy (TEM) were not observed in step graded 
material grown at the same rate of grade.
A different approach was adopted by Chang et al.^ who used binary buffer layers 
in the growth of highly mismatched{injGa)\s on GaAs. They observed
a high quality surface resulting from most 
dislocations being annihilated during the earliest stages of growth.
More recently Kidd et al^ reported the results of a research programme studying 
the crystalline quality of step and continuously graded buffer layers. The results 
showed that once high quality growth had been established then relaxing buffer 
layers could be grown with the resulting surface lattice parameter predictable to 
within 0.1%. Beanland et alP give a critical review of the strategies used in the 
growth of mismtched heterostructures showing how relaxation may be predicted 
and analysed.
1.3 Critical Thickness
Tlie critical thickness of a strained layer is the thickness at which it is 
energetically favourable for a dislocation to form to relieve the strain. Although 
many excellent review articles exist (for example Fitzgerald® or Hull and Stach®) 
it is still beneficial to briefly review here the previous work, /Relaxation only 
occurs once the critical thickness has been exceeded.
The first theoretical consideration was done by Frank and van der Merwe^° nearly 
fifty years ago. Since then much work has been done (see e.g.®). Matthews and 
Blakeslee^  ^ considered thin films oilG dA^ on GaAs where they found less strain
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relieved than predicted by theory due to dislocation interactions and nucléation. 
Kasper and Herzog*  ^ studied the problem in SiGe films on Si substrates.
More recently Freund^  ^ calculated the driving force for glide of a threading 
dislocation while Willis et al. looked at arrays of dislocations leading to Jain et 
refining the earlier critical thickness expressions to allow for dislocation 
interactions in such an array.
Work in this area has been dominated by consideration of the SiGe/Si and of the
(inp^s/GaAs system. For SiGe, Shintani and Fujita‘® looked at the effect of
anisotropy on critical thickness for buried or capped SiGe layers and Bailly et aiP^
19 producedshowed how a full misfit dislocation system like a phase transition rather
than a slow progression.
In the ^ nGa^s/GaAs system, Orders and Usheri® used X-ray diffraction to 
determine the critical thickness reporting results in agreement with the theory 
propsed by People and Bean^ .^ Gourley et al.^  ^also reported agreement close to 
the theory of Matthews and Blakeslee“ and close to the experimental results of 
Orders and Usher^ ®.
Dunstan et al.^  ^introduced a geometrical theory of critical thickness and relaxation 
which showed good agreement with experimental (TEM) results. Chen and 
Bhattacharya^  ^ used X-ray diffraction to determine the critical thickness in 
(lii^G^s/GaAs quantum well structures reporting that the experimental results 
showed a larger critical thickness than that predicted by theory. Most recently 
Mock et al.^  ^ have used synchrotron in situ X-ray diffraction to observe the 
critical thickness of misfit dislocation multiplication. Two critical thicknesses 
were reported. The first was in agreement with the Matthews and Blakeslee“ 
theory and the second consistent with the theory of relaxation critical thickness.
1.4
There have been many versions of the Matthew’s critical thickness equation with widely 
different predictions®. Downes et alP^ corrected an error and gave a well-balanced 
version for a capped layer, which for an uncapped layer becomes
^  _  1 1 ~  cos  ^a  1
b 47t(1 + 1/) cos A e ^ +  1 (1.1)
where he is the critical thickness, b is the Burgers vector of the dislocation, v is the 
Poisson’s ratio, a  is the angle that b makes to the dislocation line and A is the angle the 
edge component of b makes Wth the layer interface. For a typical 60° dislocation 
relieving strain in the <001> direction, cos  ^a  = Va, sin^  = Va and cos A = V2
Table 1.1 gives a list of critical thickness for the compositions of (In,Ga)As/GaAs used in 
this thesis, calculated using equation 1.1.
% In in layer Strain (%) Critical thickness (nm)
10 0.716 16.2
15 1.075 22.5
20 1.433 33.8
25 1.791 50.5
Table 1.1 Values of critical thickness for the composition range used for 
samples in this thesis.
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1.4 Relaxation Critical Thickness
Once the critical thickness of a layer has been exceeded, many authors have 
observed that for relaxation to proceed dislocation multiplication is needed^’®’^"^’^ .^ 
The first observation of the existence of two distinct critical thicknesses was 
reported by Dixon and Goodhew '^ .^ They used TEM to observe the two 
thicknesses which corresponded to the turning over of threading dislocations and 
the nucléation of new dislocations. The second critical thickness has been called 
the relaxation critical thickness, Beanland^  ^ considered dislocation
multiplication mechanisms and showed that a minimum layer thickness of the 
order 4 x is required for these mechanisms to work leading to relaxation. 
Kidd et alP^ used high resolution X-ray diffraction (reciprocal space mapping) to 
show the distinction between interfacial dislocations and significant relaxation.
With the onset of relaxation at layer thicknesses above various authors have 
reported experimental data showing emprical relationship between the strain and 
the layer thickness. Drigo et alp^ gave results for^njG^s/GaAs showing good 
agreement with critical thickness and more significantly relaxation critical 
thickness. They also reported an empirical relationship between strain and layer 
thickness showing evidence that relaxation is proportional to the inverse square 
root of the thickness.
Durose and Tatsuoka^® looked at the thickness dependence of threading dislocation 
densities in mismatched (001) layers. Their model was compared to experimental 
data showing good agreement and also being able to predict the dislocation density 
in layers when strain is relieved.
Dunstan et alP^ showed that relaxation for ^np^s/GaAs is hyperbolic being 
proportional to the inverse of layer thickness (in contrast to earlier data^ )^. 
Further work’^®*®^’®^ showed that the relationship held true for different growth 
conditions and annealing of the layers®®, the addition of an added interface®^  and 
that crystal quality in the layers is very important®  ^with a composition threshhold
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above which the quality of the layers deteriorates (in agreement with earlier 
findings by Krishnamoorthy et alP). Most recently Dunstan et alP^ have shown 
how the relaxation law^  ^is valid for high quality growth with deviation from the 
law being evidence for poor quality samples.
The number of samples studied to establish this relaxation law is small and the 
research undertaken during this Ph.D. was primarily concerned with studying 
more samples to further verify the relationship. It will also be seen that the data 
from Drigo et alP^ are in agreement. The strain-thickness frequency plot, 
introduced by Dunstan®"^ , has also been used to compare the relaxation behaviour 
of other semiconductor alloy systems to the relaxation law.
1.5 Surface Striations
One of the consequences of strain relaxation in epitaxial layers is the roughening 
of the surface, often referred to as cross-htach or striations. This modulation in 
the surface morphology has been shown to be due to the presence of dislocations 
(for a review see e.g.®^ ).
The it important to consider the condition of the uppermost surface when further 
growth is planned (i.e. in the case of buffer layers). Kidd et alP and Beanland 
et alP have both studied the surfaces of buffer layers by stylus profilometry (either 
atomic force microscopy o f Talystep profilometry). Other authors have also 
studied the surface morphology of^Inp^s/GaAs samples (for example®^  ®^ ®® ®^).
Beanland et alP^, studying samples grown by chemical beam epitaxy, showed how 
the striations are anisotropic in nature and can be related to underlying 
dislocations. Alvarez et alP"^  used Raman spectroscopy to study the striations due 
to relaxation. Lavoie et alP^ studied thin layers of^np^s/G aA s and noted that 
dislocations appear before surface roughening occurs implying that striations may 
only occur once is exceeded. Both Alvarez and Lavoie reported an anisotropy
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in the striations (as did Kidd et alP). Liliental-Weber et alP^ showed how tilted 
substrates can reduce the anisotropic distribution of dislocations and hence 
striations.
By studying various relaxed layer samples, the results presented in Chapter 3 show 
how the onset of striation formation appears to agree with Also there appears 
to be a maximum striation height which, once reached, is not exceeded. An 
almost linear relationship has been shown to exist between the amount of strain 
relieved and striation height agreeing well with previous observations®^ *®® of 
striations being caused by underlying dislocations.
1.6 < 111 > Oriented Material
Most of the previous work reviewed deals with <001 > oriented material. 
Material grown in the < 111 > orientation is now being studied due to the novel 
electrical properties offered by growth in this orientation'*®. Most previous work 
has been concerned with multiquantum well (MQW) type structures using the 
piezoelectric properties of this orientation'***'*^ ''*®. It has been reported that the 
growth in this orientation has a much narrower optimum window than for material 
grown in the < 001 > orientation'*'*.
Few authors, however, have studied the relaxation behaviour of single layers. 
Work in this thesis has started to address the problem of understanding the strain 
relaxation behaviour in this orientation as well as the critical thickness. This work 
has contributed to recent studies of the relaxation behaviour of single layers'*^ *'*^  '*^*'*® 
although conflicting reports for the critical thickness in this orientation have since 
been published'*^ *®®*^ **^ .^
Anan et alP^ calculated as being twice that for the <001 > orientation grown 
under similar conditions. Calle et alP^ calculated the critical layer thickness for
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éhntPofrelaxation to be 3 times^<001 > It is shown here, however, that the < 111 > 
critical thickness is much closer to the <001 > value. The results of this work 
are presented in Chapter 6.
It has also been shown (Dunstan^^) how the critical thickness varies with substrate 
offcut.
1.7 Relaxation of MQW-Type Structures
Little work has been done in studying the relaxation behaviour of MQW-type 
structures. Hirth and Feng^ ® have determined the critical layer thickness for misfit 
dislocation stability in multilayer structures and calculated the critical layer 
thickness for inclined dislocation stability in multilayer structures '^*. This 
approach, though, is based on a theoretical consideration of dislocation energetics. 
Dunstan^  ^has developed a mathematical model for strain relaxation in multilayer 
metamorphic epitaxial structures based on the strain-thickness product required for 
dislocation multiplication. This is mainly concerned with the prediction of 
multilayer structures where all the layers are strained (either in tension or 
compression) or strain compensated as in the design of buffer layers.
The work presented here is concerned with determining the critical unstrained 
barrier thickness necessary to prevent strained layers from coupling and relaxing. 
A simple theory has been developed with samples grown to test it. The first 
sample grown showed relaxation behaviour consistent with the theory'*^ . The 
results of this work are presented in Chapter 7.
1.8 High Resolution X-ray Diffraction
The main characterisation technique used during the course of this thesis was high
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resolution X-ray diffraction (HRXRD), more specifically double crystal X-ray 
difffraction (DCXRD). The data obtained from HRXRD is commonly referred 
to as a rocking curve. A single Bragg reflection is chosen and the sample is 
rocked through the angle at which this reflection occurs. Due to the high 
resolution available very small differences in the substrate and layer lattice 
parameters are able to be reolved.
It is appropriate therefore to present a brief review of the main developments in 
the history of this technique. A description of the instrument and its operation is 
presented in Chapter 2.
Just over 100 years ago X-rays were discovered, 90 years ago X-ray diffraction 
was discovered. This led to the development of Bragg's Law for diffraction (see 
e.g.®®) and also Ewald's dynamical theory for X-ray diffraction (see e.g.®^ ). 
Later, in the 1930's, DuMond®® developed his theory for increased resolving 
power using successive reflections. Since then many developments have occurred 
leading to the HRXRD used today. Many authors have presented reviews on this 
subject (for example®^  ®® ®* ®^).
High resolution X-ray diffraction has been extensively used to study and 
characterise semiconductor material and devices. Following on from the 
DuMond®® theory. Estop et alP  ^used a double crystal spectrometer to measure the 
lattice parameters and also to perform topography on ^Al^G^s/GaAs 
heterojunctions. The Dumond theory was further used by Bartels®'* who developed 
the "Bartels" monochromator. This uses reflections from four perfect crystals to 
obtain a highly collimated and monchromatic X-ray beam. This monochromator 
is still regularly used in HRXRD® ®^. The diffractometer described in Chapter 2 
uses a slightly different variation to the Bartels 4 crystal monochromator. A 
channel cut collimator®® is used in conjunction with the <111> Si reference 
crystal. Most recently Giannini and Tapfer®® have designed a new four crystal 
monochromator, further improving monochromation and collimation.
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The analysis and interpretation of data obtained from HRXRD has developed 
significantly in the last 20 years. Hornstra and Bartels®’ describe the analysis of 
DCXRD data to determine the lattice constants of Si/Ge and common III-V 
compounds. Bartels and Nijman®® then applied the analysis to^l^G^s/GaAs 
layers. Halliwell and co-workers®^ *’® ’* also described techniques for the analysis 
of epitaxial layers, while also developing an automated double axis (crystal) 
diffractometer’® and simulation software’* to aid with the interpretation of data 
from strained layers. Fewster and Curling’  ^showed the importance of simulations 
especially when characterising thin layers due to errors from the simple 
measurement of the substrate-layer peak separation.
Halliwell’® showed how to analyse and measure the amount of relaxation in 
samples grown above Beanland’'* developed a technique linking measured 
parameters from relaxed samples to the deformation tensor. He showed how the 
dislocation density may also be calculated. Further studies have been published 
detailing the analysis of relaxed semiconductor structures. Herzog and Kasper’® 
showed two techniques. The first was to use asymmetric reflections for the 
analysis, the second was a more general method using any reflection. Their 
techniques were demonstrated using a relaxed SiGe/Si sample. Kidd et a/.’® 
studied the profiles of Bragg peaks and also diffuse scattering using reciprocal 
space mapping®* to study relaxed(înp^s/GaAs samples. Lourenço and Dunstan”  
describe a method using the analysis of moments of rocking curves where 
relaxation has caused broadening of the curves. The technique has been shown 
to be particularly useful for the interpretation of graded layers.
This technique of analysing the rocking curve moments has been developed further 
during the course of this thesis and the preliminary results are presented in 
Appendix D.
Simulation software based on solutions to dynamical diffraction theory (see e.g.®®) 
has, in the last 10 years been developed. Hill et a/.’® developed software which
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they used in conjunction with experimental data obtained at a synchrotron source 
to show that the use of a single wavelength X-ray laboratory source and single 
reflection is sufficient for the routine analysis of samples. Recently Sanz-Hervâs 
et alP^ developed a simulation program which allows any symmetric or 
asymmetric reflection, any substrate orientation, graded and relaxed layers and 
instrumental effects all to be calculated.
Commercial software is also regularly used. The two most common programs 
available are the Bede RADS®® software and the Philips HRS®* software. 
However, both programs do have limitations. At present the Bede software is 
unable to simulate rocking curves for growth orientations other than <001 > . 
While the HRS software can do this, it is unable to simulate the relaxation of 
layers (whereas the RADS software can). The Bede software assumes that a 
strained layer has undergone tetragonal distortion which reverts back to cubic 
when relaxing; broadening due to the presence of dislocations is not accounted 
for. These problems are evident in the results presented in Appendix C where 
relaxed multilayer samples grown in the < 111 > orientation are considered.
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2.1 Introduction
The following sections describe the experimental techniques used to obtain the 
results discussed in this thesis.
2.2 Surface Striation Measurements
2.2.1 Talystep Profilometry
A Rank Taylor-Hobson Talystep surface profilometer was used to obtain the 
striation height data. This is essentially a stylus which is dragged over the sample 
surface. The stylus displacement due to variations in the sample surface is 
converted into an electrical signal by piezoelectric crystals and is then plotted on 
a chart recorder. Figure 2.1 shows schematically the sample stage and stylus.
Sample
Figure 2.1 Schematic diagram showing the Talystep stylus and 
sample stage. The supports labelled 1 and 2 are moveable to get the 
sample level. The stylus is then dragged across the sample with any 
vertical displacement measured.
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To align the sample on the stage below the stylus the two front legs on which the 
stage rests are moveable. Figure 2.1 indicates the moveable legs. Either 
both can be raised or lowered in tandem or only leg number 2 can be moved. 
Any deviation away from level is indicated by a dial which shows whether the 
sample is inclined above or below the horizontal. The third leg does not move.
To improve the stability of the sample on the stage it is possible to glue the 
sample to a glass slide using photoresist. The resist is later removed by dissolving 
in acetone.
For the chart recorder metric paper was used. Table 2.1 shows the vertical
magnifications used.
Magnification
Recorder Chart Values
Full Scale Each Division
pm pm A
5 X 10^ 12 0.4 4000
I X 10'^ 6 0.2 2000
2 X 10^ 3 0.1 1000
5 X 10^ 1.2 0.04 400
1 X 10" 0.6 0.02 200
2 X 10" 0.3 0.01 100
5 X 10" 0.12 0.004 40
1 X 10^ 0.06 0.002 20
Table 2.1 Vertical magnifications used with the Talystep profilometer.
For all the results obtained the magnification used was the highest (1 x 10^ ). A 
typical trace was obtained over a sample distance of 60 - 70 pm.
The striation height values are simply the peak to trough heights taken from the
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chart recorder traces. This was considered sufficient as it was suspected (and later 
confirmed by atomic force microscopy) that tlie Talystep was not measuring an 
absolute striation height but rather a relative measurement of the roughness. This 
is discussed further in Section 3.2.
2.2.2 Atomic Force Microscopy
Some samples were characterised using atomic force microscopy (AFM) in order 
to calibrate the Talystep measurements. Although all the AFM data were obtained 
elsewhere (Section 3.2), it is useful to briefly describe the experimental set up. 
AFM is essentially stylus profilometry but with a much greater resolution than the 
Talystep due to the increased instrument sensitivity and stylus size (a tip radius of 
the order of 70 nm compared to a tip radius of 12 fxm for the Talystep). The 
stylus is in contact with the sample but is stationary and the sample is moved 
under it. A laser is focussed on the stylus and any deflections due to surface 
roughness are measured using a photodetector. Figure 2.2 shows 
schematically the basic experimental set up of an AFM.
laser
stylus
sample
Figure 2.2 Schematic diagram showing the basic experimental set up 
of an AFM. The sample rather than the stylus is moved as opposed to the 
operation of the Talystep.
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2.2.3 Nomarski Optical Microscopy
Nomarski (or differential interference contrast) microscopy was performed using 
a Zeiss Axiophot microscope. Nomarki microscopy has two orthogonal polarising 
gratings in the path of the light beam. The resulting difference in the beam paths 
gives depth resolution; or, rather, interference contrast gives the impression of 
depth resolution. This then allows a qualitative assessment of the surface of a 
sample to be made.
2.3 High Resolution X-ray Diffraction (HRXRD)
High resolution X-ray diffraction, as its name suggests, has a high angular 
resolution (peak separations are able to be measured in arcseconds). This gives 
the technique a high strain sensitivity. The two types of HRXRD most commonly 
used are double crystal (DCXRD) and triple axis X-ray diffraction (this type of 
diffractometer allows the user to obtain reciprocal space maps; for a review of this 
technique see, for example, Fewster and Andrew  ^ or Wie^). Only the double 
crystal technique was used for this work.
2.3.1 Double Crystal X-ray Diffraction
DCXRD gives data as the scattered intensity integrated over a wide range of 
scattering angle. The integrated intensity is given as a function of the incident X- 
ray angle on the sample. The incident angle is varied by rocking the sample 
through the chosen angle range, hence the term rocking curve. Figure 2.3 
shows schematically a double crystal diffractometer.
The high resolution is achieved by monochromating and collimating the incident 
X-rays. Monochromation can be achieved by using either the dispersive or non-
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dispersive settings .^ The non-dispersive setting was originally used where the first 
cystal has to be identical to the second (in this case GaAs). This is also true for 
single reflection collimation for the DCXRD. For DCXRD with a single 
reflection collimation, the sample crystal must be identical to the first (the 
collimator). The crystals must be in the non-dispersive setting so that the angular 
divergence due to different spectral components in the X-ray source does not 
contribute to broadening of the rocking curve. However, if a multi-reflection 
monochromator-collimator is used as the first crystal then the sample no longer 
needs to be identical nor parallel to it as only one wavelength will be incident on 
the sample.
X-ray source
MC \  \  sample
detector
Figure 2.3 Schematic diagram (after Wie^) of a double crystal 
diffractometer. The plane of the figure coincides with the diffraction 
plane defined by the incident (ko) and diffracted (k) wave-vectors. The 
monochromator-collimator (MC) may be a single crystal (matched to the 
sample) or a multi-reflection crystal set-up. Tlie sample is rocked through 
an angle (àO).
A Bede Scientific model 150 double crystal diffractometer was during the course 
of this work. A Philips PW1180 generator running at 45kV and 35 inA powered 
a long fine focus Cu X-ray tube. Originally the first crystal was matched to the 
sample substrate (in the non-dispersive setting) for monochromation with
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collimation achieved simply by using a long brass tube with a pinhole aperture 
attached to the X-ray tube. This was later replaced with a single crystal < 111 > 
Si multi-reflection monochromator-collimator (also from Bede Scientific). The Si 
crystal was set at the (111) reflection. Figure 2. shows a schematic of the 
Bede diffractometer.
The diffractometer was controlled using Bede DCC software'  ^and simulations were 
done using the Bede RADS  ^ software. The analysis of the rocking curves is 
described in the following sections.
base
x-ray source
detector
reference ciystal
aperture
sample stage
Figure 2.. i f  Schematic diagram of the Bede 150 diffractometer. The 
reference crystal is a < 111 > Si crystal multi-reflection monochromator- 
collimator.
2.3.2 001 Samples
2.3.2.1 Fully Strained Samples
For samples grown in the <001 > orientation the layers will undergo tetragonal
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distortion. For samples below relaxation critical thickness the layer unit cell will 
be fully strained so that a,, (the in-plane lattice constant) is equal to that of the 
substrate and a^  ^ (the perpendicular lattice constant, also denoted c for the 
tetragonal case) can be determined from X-ray diffraction by using a symmetric 
reflection of the type (00/) where I is usually 4. Figure 2. 5  ^ shows 
schematically such a tetragonally distorted layer.
Although for perfectly strained layers dynamical diffraction theory can be used to 
determine the layer parameters it is possible to find a^  directly from Bragg's Law.
layer
I
substrate
^04(layer)
.^04(substrate)
■'layer
asubstrate
X asubstrate
Figure 2. ^  Schematic diagram showing a tetragonally distorted 
(strained) layer on a cubic substrate. The perpendicular lattice constant of 
the layer can be easily calculated from a symmetric rocking curve.
From Bragg’s equation, 
then
nA = Idsm B
nX  ^ 2 d  ’^ sin0^
(2. l)
(2. a)
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and
71À = (2.Zh)
where the superscripts S and L refer to the substrate and layer values respectively. 
Equating (2. ; and (2. 2h) gives
d s^inÔ  ^ = d  ^siné^
or
z ,  _ d^smO^
sin ^  
50(004)
g 10^
L :
-4000 -3000 -2000 -1000 0 1000
(2.3^) 
(2. 5 b)
position (arcseconds)
Figure 2. ^  An (004) rocking curve showing the substrate-layer 
peak separation, 66.
The substrate and layer peaks are separated by the difference being measured 
directly from an (004) rocking curve. Figure 2. 6  shows a symmetric 
reflection rocking curve showing the peak separation between the substrate and 
layer peaks.
The peak splitting 89 is related to 6  ^ and 0  ^by
89 = 0  ^ - 9^
(assuming a  ^ > a )^.
(2. A)
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Therefore Equation (2. 3b) can be rewritten as
-L _ d^smO^sin (6^-89)
or
d ^  = dcos89 -  cot9^sin89
(2 .5a)
(2, .5b)
The values of ef and 9^  are known (for GaAs, = 1.4134 A  and = 
33.034®). Once d  ^has been calculated then the perpendicular lattice spacing for 
the layer can be found from the relationship (assuming orthogonal symmetry; 
although it is normal to assume tetragonal distortion and symmetry this may not 
be the case)
,2
h
where h ~ k ~ 0, hence
where is the perpendicular lattice constant, or
(2. 6a)
(2. 6b)
(2. 6c)
Once the layer parameters have been found then the composition of the layer can 
be calculated. From elastic theory the following relationship between the cubic 
layer unit cell, , (in the fully relaxed state) and the tetragonally distorted cell 
is (see Appendix A)
a, 1 + 2v1 + V V «X yj
(2. 7)
where u is Poisson’s ratio, Ontpf CL„ - ^CruAi.
For ternary alloy layers, such as In^Ga^^As, the composition, jc, can be 
determined by linear interpolation between the lattice constants of InAs and GaAs
2.9
Expérimental Techniques
such that
^  ^  ^GaAs
<*lnM -
where üq^ as = 5.6535 A and -  6.0585 A. 
The biaxial strain, e, is then simply
(2. 9)
6ohe/t, iK (Mt M t  k f  (m m )As ( 6 ^ ^ ,  ^6aAs*
2.3.2.2 Relaxed Samples
If a layer is grown above the relaxation critical thickness then misfit dislocations 
are created allowing the strain to be relieved. In this case the symmetric reflection 
alone does not give enough information for the state of strain in the layer to be 
fully characterised. If full relaxation is known to have occurred (i.e. the layer has 
reverted back to full cubic symmetry) then by simply measuring an 004 reflection 
a measure of composition for the layer can be determined. Figure 2. 7 
shows the two extreme states where relaxation, R, is either 0 or 100 % 
(corresponding to the fully strained and fully relaxed states respectively). For 
partially relaxed samples, 100 % > R > 0 %, without knowing the in-plane 
lattice parameter, an, the full extent of the relaxation cannot be determined.
With the onset of relaxation it now becomes necessary to fully characterise the 
layer. Although relaxation may be assumed to be tetragonal in nature (i.e. the 
orthogonal in-plane lattice parameters remain equal as the perpendicular lattice 
spacing reverts back to the cubic value) this may not necessarily be the case. As 
a result, the sample is characterised in two orthogonal directions. The sample is 
rotated through 90®about its surface normal in the X-ray beam after each scan so 
that two pairs of rocking curves are obtained. From each of the two pairs of
2.10
Experimental Techniques
rocking curves the average peak splitting is obtained. Also, if tilt is present in the 
sample this is fully characterised too.
fully strained fully relaxed
layer
▼ substrate
a, a,s 's
Figurc2. 7  Schematic diagram showing fully strained and fully 
relaxed cases as measured from a symmetric reflection rocking curve.
2.3.2.3 Tilt
Tilt, r, is a phenomenon which, it has been suggested (Wie^), occurs during initial 
growth. Atoms arrange themselves on the growth surface to minimise free energy 
which leads to misorientation between the substrate surface and the layer surface. 
Other authors, however, note that tilt can come from an anisotropic dislocation 
array (Beanland et al.^). The sign of the tilt contribution to peak splitting in the 
rocking curve reverses when the directions of the incident and diffracted wave 
vectors are switched (or by simply rotating the sample by 180° around the surface 
normal). Figure 2.. g shows a pair of rocking curves taken before and after 
a sample has been rotated by 180° about its surface normal.
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As can be seen there is a small amount of tilt present in the layer with respect to 
the substrate. The difference in peak splitting is twice the amount of tilt present 
such that
at, T = i(S0“ -
_  004® 
... 004*®®
I
difference = 2 * tilt
-4000 -3000 -2000 -1000 0 1000
position (arcseconds)
Figure 2. S  A 0-180° symmetric 004 reflection rocking curve pair 
showing tilt.
Once the tilt has been characterised the corrections to subsequent peak splitting 
can be made.
The average 004 peak splitting from such a sample is simply half the sum of the 
two peak splitting values, such that
hence
500- 180» =  ±((500  +  +  (50180 _
500-180“  ^ 1(500 + 50i8o\ 
2
(2. lib)
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From this the perpendicular lattice parameter for the layer is determined using the 
method outlined in the previous section.
2.3.2.4 Asymmetric Reflections
To measure the in-plane lattice parameter an asymmetric reflection is used. For 
<001 > samples the most common asymmetric reflection used is the 115 
reflection. Because the planes are inclined to the sample surface then two 
geometries are used for this type of reflection; either glancing incidence, 115L, 
or glancing exit, 115H, where the L and H refer to the "low" and "high" angles 
respectively between the sample surface and the incident X-ray beam. Figure 
2. shows schematically the two aymmetric reflection geometries.
Figure 2. ^  also indicates the difference, ô«^ , in the orientation of the 
substrate and layer planes with respect to the suface, It is from this difference 
in orientation that the in-plane and perpendicular lattice parameters can be 
obtained for the sample. It should be noted that when a layer is fully relaxed, b4> 
is zero, shown schematically in Figure 2. 4 b  , i.e. arises directly from 
tetragonal strain in the layer.
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115L 115H
layer
substrate
incident beams for 115Hincident beams for 115L
layer
substrate
Figure 2., The two asymmetric reflection geometries used; the
grazing incidence, 115L, and the grazing exit, 115H, reflections.
strained
hhl
hhl
relaxed
S(f)
layer 
<f) + S(f)
substrate
bM
hhl
Figure 2.. Schematic diagram showing how 8(J) becomes zero
when a layer is fully relaxed.
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2.3.2.S The Measured Unit Cell
Due to the the choice of asymmetric reflection the experimentally measured in­
plane lattice strain will be along < 110 > and not < 100 > . As a result of this the 
"effective" unit cell as measured by X-ray diffraction is now defined by (110), 
(-110) and (001) planes. This is shown schematically in Figure 2. ((?.
aX
001
-110 110
origin
Figure 2., )0 Schematic diagram showing the unit cell measured by 
X-ray diffraction. The cell is defined by the {110} cleavage planes.
2.3.2.6 Measurement of and a, From Asymmetric Reflections
Figure 2. J  \ shows schematically a rocking curve with (a) layer-substrate peak 
splitting bB which has 3 contributing factors; (b) difference in lattice d spacing, 
(c) the difference in the lhkl\ directions, b4> (plane rotation due to strain), (d) and 
tilt, T. Tilt can be corrected for from the symmetric, 00/, reflections leaving the 
pealc splitting due to difference in d spacing and the plane rotation.
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layerhkl
layer substrate
substrate
[001]
[110]
[llOLayer(hkl) tiltXrlayer
[1 l l^substrate
(hkl) substrate
Figure 2. W Schematic diagram showing how peak splitting has 
three contributing factors; (a) the rocking curve showing peak splitting 59, 
(b) difference in d spacing, (c) plane rotation due to strain and (d) tilt 
between the layer and substrate.
As seen in the previous section, two geometries are utilised for the recording of 
asymmetric reflection rocking curves. Grazing incidence and grazing exit 
geometries are used. A 115H (grazing exit) set up is used to record one rocking 
curve. The sample is then rotated by 180° about the surface normal and a 115L 
(grazing incidence) rocking curve is recorded (the diffraction comes from the same 
set of planes). Figure 2. shows a 115H-L (180°-equivalent) pair of
rocking curves. From these rocking curves the 115 peak splitting can be written
89 = - (8 9 115L 89ii5ff) (2. U )
and the difference in plane rotation as
S(l> = (2. 13)
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|3-
is
-5000 -3000 -1000 0 1000
position (arcseconds)
Figure 2.„ iZ Two experimental 115 rocking curves. hO is half the 
summation of the peak splitting and Ô0 is half the difference.
Using Equation 2. 5b the value of djjs can be calculated. It is now possible, 
using b4>y to calculate a^  ^ and a, and hence composition and strain.
b.
A
a
‘115
T
aJ5
115
[001]
[110]
Figure 2. i S Schematic diagram of an arbitrary unit cell showing the 
relationship between and a^ .^
Figure 2.13 shows an arbitrary unit cell showing how the measured angle 4> 
and calculated d spacing are used to calculate the perpendicular lattice constant a .^
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From Figure 2..75 , it is clear that
= 5 ''115coscf)
and for a strained layer sample this becomes
a = 5 -----^ -----cos(<f) + S(p)
(2 . /4 )
(.2. I f )
The projection of the dus plane spacing onto the interfacial (001) plane can be 
used as a measure of parallel strain in the layer. This projection, p, is
d
P = - 115
(2 . !(,)
sin(0 + SO)
This length is often normalised with respect to the unit cell dimensions. The unit 
cell dimension along the direction of the projection is 72a and the length of the 
projection is 72a/2 = a/72 (this is shown schematically in Figure 2.1^).
115 plane
< 110>
c (= a for cubic materials)
115
72a/2
Figure 2. Schematic diagram showing the relationship between
the 115 planes and the in-plane cell parameter a.
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Figure 2. /5” shows how a,, can thus be calculated.
b.
1^15
À
‘115
T
1
a j 5 ^ V
r
a,/V2
a,/V2 [001]A [110]— >■
Figure 2. /5' Schematic diagram showing how a, is calculated from 
4> and the d spacing.
From Figure 2. l 6  . the in-plane lattice parameter is simply
" \/2—115sin<^
For strained layers this is
d115
(2 . n]
(2. 13)
sin (0 + 50)
assuming tetragonal symmetry.
Once the in-plane and perpendicular lattice parameters have been calculated the 
the strain and composition of the layer may be calculated using Equations 
(2.. 9), (2. .7) and (2. 8).
It should be noted that although a symmetric 00/ reflection is used to characterise 
the tilt (if present) and to calculate the perpendicular lattice parameter, it is 
actually unnecessary to use this. All the information needed to characterise a 
sample can be obtained solely from asymmetric hhl reflections.
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2.3.3 The Use of Simulations to Determine The Extent of Relaxation
A second method using commercially available rocking curve simulation software 
has also been used to calculate the state of strain in single layers.
As previously described (section 2.3.2.1), four (004) reflection rocking curves 
were recorded for each sample. From these the tilt between the layer and 
substrate was measured and corrected for on corresponding (115) reflection 
rocking curves.
Instead of using two high- and two low-incidence reflections the asymmetric 
reflections used were either all (115)H or (115)L.
Tables (Appendix g  shows the tables generated up ko compositions of %= 0.5) 
have been created (P. Kidd, unpublished) for the (004 and (115) reflections using 
the Bede RADS software^. The tables give the peak splittings for In^Ga^ .^As 
layers for the composition range 0 < % < 1 over the relaxation range 0 < /? < 
100 % (fully strained to fully relaxed).
Figures 2. }h and 2. 17 show the simulated rocking curves for an (004) and 
(115) reflection for both the fully strained and fully relaxed cases.
This method assumes that the relaxation of a layer proceeds as follows; at full 
strain the layer is tetragonally distorted and at full relaxation the layer reverts back 
to a cubic unit cell where the lattice parameter for its composition, x, is obtained 
by linear interpolation between values for GaAs (x — 0) and InAs (jc = 1). It is 
assumed that Vegard's Law is obeyed.
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0 % relaxed 
100% relaxed
-3000 -2000 -1000 0
position (arcseconds)
Figure 2.JG Simulated (004) reflection rocking curves for the fully 
strained and fully relaxed cases.
0 % relaxed 
100 % relaxed
I
-7000 -5000 -3000 -1000 0
position (arcseconds)
Figure 2. |"7 Simulated (115) reflection rocking curves for the fully 
strained and fully relaxed cases.
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Relaxation, however, is not perfect with localised bending of planes by 
dislocations and microscopic mosaic tilting of planes leading to a distortion of the 
(assumed) tetragonal cell. These effects lead to a broadening of the peaks. This 
broadening is, generally, symmetric so a measure of the tertragonal unit cell 
corresponding to a mean relaxation at a given composition is obtained.
Once the composition and relaxation has been obtained from the tables, the 
residual strain the layer can be calculated.
The unit cell is calculated from Equation (2. 8), rewritten here,
X = ^GoAs
I^nAs ~ ^GoAs
(2.iq)
Rearranging this gives
Uf ~ ^i^InA s ~ ^GoAs) ^GoAs ^
The original misfit strain, e, can be calculated (using Equation (2.. 9). From
this the residual strain, e^ , in the layer is
€r = l  - 100 X 6
2.3.4 111 Samples
2.3.4.1 Depiction and Measurement of Trigonal Distortion
For (001) growth, the direct relation of the {001} plane spacings to the unit cell 
lattice parameters means that the distortion can be treated simply and without 
reference to more complex algebra^. For the [ 1 1 1 ]  growth direction (the (111)B 
Ga - terminated surface of GaAs) the basic unit cell {100} lattice vectors (a, b, c)
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are no longer in convenient directions for reference to the measurements. It is 
possible to work with the full tensor representation of the measurements, or 
redefine the trigonal distortion in terms of readily measurable parameters, i.e. 
plane spacings. Figure 2. 15 . shows schematically the redefining of the unit
cell parameters. The sides of the basal triangles are all equivalent (and equal in 
length to dir^ and the unit cell height is dm.
a. (001) distortion b. (I l l )  distortion
I
I
/ (001) / ^»
/ -
(100)
•
(010)
e
/
#
\
L# À
dooi= c
dooi ^
doio= a
(111)
■111
,*(011)
111
121 2^11
Figure 2 . (a) the tetragonal "unit cell" for layers grown on (001) 
surfaces, (b) the depiction of a trigonal "unit cell" as measured by 
DCXRD using {111} surface (symmetric) and {112} inclined (asymmetric) 
planes.
Figure 2. i l  shows the lattice viewed with the [1 1 0] plane uppermost.
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(9  + 0 6 )
112
224
(<p + S(p)
Figure 2. ' Schematic diagram of the (101) plane,with reference
to Figure 2. j ^  b , showing lattice points and calculation of the effective 
in-plane and perpendicular plane spacings with respect to the measured 
{111} and {112} plane spacings.
For DCXRD measurements it has been found that the most useful Bragg 
reflections for routine measurements are the 333 symmetric and the 224 
asymmetric reflection (Kidd^). The 333 reflection is used to measure the (111) 
plane spacing (and layer tilt) where diu= and the inclined 224 reflections 
give both the strain and the spacings of the inclined planes where dn 2 — 2 d|z24 
{dii2 is used to distinguish these planes from the 112-type planes which are 
perpendicular to the interface). The sides of the basal triangles are related to the 
spacings of the inclined planes by the relation
equivalently,
sini^
(2. ZZa )
(2.-22 b ;
2.24
Experimental Techniques
The angle 4> is the interplanar angle between the inclined {112} planes and the
(111) plane which for cubic material is 19.47°. is the change in this angle due 
to trigonal distortion and is easily measured by DCXRD. For an unstrained layer 
0, the composition can be obtained from the (111) plane spacing alone. For 
a fully strained layer the value of b<!> is dependent on the misfit, cq, (i.e. the 
composition) of the layer and could be calculated using elasticity equations. For 
a partially relaxed layer, though, b^ depends only on strain and not on 
composition. Both the strain and the composition are derived from {112} and 
{111} plane spacings.
As stated previously (Section 2.3.2.3), it is necessary to measure the tilt so that 
the correct measure of the inclination of asymmetric planes is obtained.
For the asymmetric reflection the inclination of the planes with respect to the 
sample surface, means that the incident angle of the X-rays with respect to the 
surface is {B + <^ ), termed "high angle", for one azimuth and {6 - <^ ), "low 
angle", for the opposite azimuth. It is necessary to obtain the values of three 
angular components comprising the measured peak splitting value. The peak 
splitting, Ô0 ), is given by
S(x>=S6 + S ^  + t  (2 . .23}
for the high angle reflection and
Su>^S9-S<f , -T  ( 2 . 2 4 )
for the low angle reflection.
Since r  is known, having been obtained from any pair of rocking curves, 
Equations {2,Z^) and (2. can be solved to obtain b<f> and b$, where
and
(2. 2o6)
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The subscripts refer to the pairs of rocking curves taken along the same azimuth 
but with the sample having been rotated through 180°. The plane spacings for the 
layer and (^ 224) then calculated using the Bragg equations for substrate and 
layer peak positions,
X (2. 26)d = 2sin0
so that
d d^sinO (2 .X7 )
It follows that from the measurement of the plane spacing and angle of inclination 
of a set of asymmetric planes, with reference to Figures 2. \2> and 2. 
the unit cell parameters may be calculated.
Unless homogeneous in-plane strain is assumed it is necessary to use 
measurements from at least two pairs of asymmetric reflections to calculate the 
shape and size of the unit cell. Once strain relaxation has occurred, there can be 
a loss of symmetry due to non-uniform distribution of dislocations. For the 
< 111 > system it has been found useful to measure rocking curves from all three 
asymmetric 224 reflections.
2.3.4.2 Calculation of Elastic Distortion
The elastic distortion for layers grown pseudomorphically on [111] oriented 
substrates can be simplified from the full tensor, due to symmetry®, to give 
equations for in-plane, e ,, and perpendicular, , strains, e, and are defined, 
with reference to the measured plane spacings, as
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^211 ^211 
2^11
rflll 1^11
—  ( 2 . l 5 k )  ■“ ni
where é ' refers to the measured plane spacings of the layer (fully or partially 
stained) and (f refers to the plane spacings as they would be in the fully relaxed 
(bulk) state. In pseudomorphic growth = e, but if relaxation occurs then < 
e,. However in all cases e, is related to by®
(2. 2Ha )
where the elasticity relations have been redefined such that
( 2 .  Z % )
Equations (2. Z3(^) and (2. Z^b) can be substituted into Equation 
(2. fe} and rearranged to give
i l l
and
_ (^ 111 A n) ,A n  ;= A n
( 2  J o )  
(2 3 l )
V 5 ( l - S )
B is a constant (defined by Kidd®) and is comparable to a Poisson-type ratio. The 
elastic stiffness constants, C, are dependent upon composition, therefore B can be 
calculated as a function of composition, B(%). B(%) is calculated for each
composition of In^Gai.^As by interpolation of the constants, Cy, between values for 
GaAs and InAs (shown below in Table 2.Z)
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Compound Cu Ci2 C4 4 C B(x) Lattice Parameter (Â)
GaAs 1 1 . 8 8 5.37 5.94 5.37 0.684 5.6535
InAs 8.33 4.53 3.96 44.12 0.637 6.058
Table 2 . 1 Elastic constants and lattice parameters for GaAs and InAs®.
When the pseudomorphic misfit strain is relieved by the introduction of misfit 
dislocations, the irregularity of the dislocations causes there to be a loss of 
symmetry resulting in peak broadening. Whilst the resulting distortion can be 
described by the full strain tensor, this much detail of information does not 
necessarily give the clearest impression of how relaxation proceeds and anyway 
is within experimental error due to the peak broadening. The data has been 
analysed assuming that the lattice distortion is simple trigonal distortion. The 
calculations of composition and strain relaxation (residual strain in the layer) 
provide a measure of mean or macroscopic values and as such are only valid for 
the condition where neither major asymmetries in relaxation nor massive effects 
of misorientation are not observed.
A simple spreadsheet program has been devised (Kidd®) which calculates the in­
plane and perpendicular plane spacings, using the previous equations (sections
2.3.4.1 and 2.3.4.2), from the rocking curve substrate-layer peak splittings and 
then calculates dm and dm using an iterative approach (Equations 2 .2 $
2 .3 )  . The state of residual strain of the layer, is given as
= Q ..SZ)
where é  is the plane spacing of the layer in the fully strained state (calculated 
from Equation 2.30 with = eq) and R is the fraction of relaxation ( a 
comparison of measured plane spacing between the fully strained and fully relaxed
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values).
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Chapter 3
Surface Striation Measurements
Swface Striation Measwements
3.1 Introduction
When an epitaxial layer is grown it is desirable to have the surface as smooth as 
possible. Beyond the relaxation critical thickness, however misfit relieving 
dislocations are introduced and often the surface of such relaxed samples show a 
striated (or cross-hatched) surface. Various authors have shown that the striations 
are due to the presence of these dislocations. Kishino et al} used X-ray 
topography to show that the origin of a cross-hatch pattern on the surface of 
GaAsi.^Px on GaAs was a misfit dislocation array. Hsu et al} observed the same 
for Ge^Sii.x on Si. The dislocations have associated strain fields which lead to 
localised distortions in the crystal lattice. As growth continues the lattice 
distortion is amplified and this leads to the surface striations.
A number of models for the formation of the striations have been proposed. 
Jonsdotttir and Freund® have developed a model for the evolution of surface shape 
based on stress-driven surface diffusion. lesson et al} imaged surface cusps 
during SiGe layer growth explaining the growth by surface diffusion also. 
Beanland et al} proposed a model for striation development in low misfit epitaxial 
layers using ( în p ^ s  layer on GaAs. At layer thicknesses h  ^ 10 misfit 
dislocation multiplication gives sufficient numbers of dislocations close enough to 
the surface that the strain field can give locally enhanced growth. Albrecht et al} 
used a combination of elastic and plastic relaxation to account for striations in 
SiGe on Si. They observed preferred dislocation nucléation and multiplication in 
the striation troughs leading to a smoothing of the growth surface.
Liliental-Weber et al} using^njj^As on GaAs and Hsu et al} have both observed 
that a substrate offcut improves the surface quality.
Alvarez et al}  studied relaxed ^ i^G^s layers on GaAs and InP that had striated 
surfaces using Raman spectroscopy to analyse the lattice deformation near the 
surface. They found that there was a contribution in the observed phonon shifts
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due to the presence of the striations.
Once an epitaxial layer has been grown it becomes desirable to determine the 
degree of roughness of the surface. Nomarski differential interference contrast 
microscopy (DIG), atomic force microscopy (AFM), and Talystep profilometry 
have all been used to determine the extent of surface roughness in various epitaxial 
layers. Nomarski microscopy is used to give a qualitative assessment of the 
surface only. The AFM results were used solely for comparisons with Talystep 
results. This was due to the availability (and also the cost of use) of the AFM 
facilities.
A wide varie^of samples were studied. They include <001> single layers of 
constant composition grown either by MBE or CBE, < 001 > graded composition 
layers, < 001 > bilayers and <111 > single layers (all grown by MBE). Figures
3. la - e show typical Talystep profilomety traces obtained for the different types 
of samples studied. All the samples shown had relaxed.
20 um
Figure 3.1a Talystep profile and a Nomarski DIG photograph taken from an <001> 
MBE-grown single layer showing the striated surface (due to relaxation).
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E l l
Figure 3. lb Talystep profile from an <001> CBE grown single 
layer.
MW
t.
Figure 3. le  Talystep profile from an <001> graded layer.
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i i s i a a
Figure 3. Id Talystep profile from an <001 > bilayer sample.
J  Eii:
Figure 3. le  Talystep profile from an < 111 > single layer (this sample 
has a 2°substrate misorientation).
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3.2 Comparison of Talystep and AFM Data
Although the Talystep profilometry was a quick and easy technique to use rather 
than AFM it was considered necessary to compare data from both techniques. 
The Talystep stylus has a large tip radius and, initially, the sensititvity of the 
technique to be able to measure the striations was in doubt.
Figures 3.2ol and b show an AFM trace and a Talystep trace obtained from the 
same sample. Note the difference in scales and detail obtained by both 
techniques. Although it is obvious that the AFM can obtain greater detail, the 
ability to get data from much longer scan ranges offered by the Talystep is very 
much in evidence from Figure 3.2 b.
7.5
-7.5 um
1.0 2.0
Figure 3.2. a An AFM trace from sample #269A (nominally 10% In, 
h = 87,5 nm).
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Figure 3.2 b Talystep trace from the same sample (#296A). Note the 
difference in the vertical and horizontal scales for the two techniques.
A series of MBE grown single layer samples were studied by both AFM and 
Talystep profilometry to determine how valid the results from the Talystep were. 
Table 3. 1 shows the sample details and surface measurements.
Sample
Number
Layer Thickness 
(nm)
Striation Height S (nm)
Talystep AFM
#266A 46.5 0.9 1 . 2
#269A 87.5 0.85 3.2
#262A 93 1 . 6 7
#268A 174.5 5.5
#265A 175 9 3.1
#267A 291 8 . 6
#264A 349 5
#263A 582 1 0 16.3
Table 3. 1 Data used to compare the Talystep and AFM measurements.
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The results are plotted below in Figure 3. 3
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kS  . Striation height data obtained by AFM and Talystep (used 
to determine the accuracy of the Talystep measurements).
It can be seen from Figure 3 .S  (and already observed from Figures 3.2. a and 
b) the Talystep is not as sensitive as AFM. The samples will have a statistical 
spread of striation heights (this has not been investigated in detail). By having 
much longer scanning distances the Talystep has the advantage of being able of 
improving the statistics and it is for this reason that there appears to be such good 
agreement between the two techniques. AFM is a more sensitive technique and 
as such will measure larger variations in S winch, in turn, will give a larger 
statistical spread in the results shown, explaining the larger "error" bars.
The measurements of S obtained from the Talystep traces are relative 
measurements of striation height rather than absolute measurements. This is again 
attributable to the difference in the sizes of the styluses used. Figure 3.4- shows 
schematically how the size of stylus may affect the trace obtained.
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Talystep stylus
AFM stylus
striated surface
1. AFM trace
2. Talystep trace
Figure 3.4" Schematic diagram showing how the stylus size may affect 
the trace obtained.
Although AFM is more sensitive, the comparative ease and speed of use offered 
by the Talystep lead to the majority of results being obtained by this technique. 
No consideration was given to determining the exact nature of the relationship 
between the Talystep trace and the true surface morphology due to the seemingly 
random variation of striation height across the surface (seen in Figures 3. la - 
e).
With this comparison showing that the Talystep results give a valid representation 
of relative striation height, further samples were examined. These results are 
discussed in the following sections.
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3.3 Overall Trends in Striation Data
Table 3. shows all the striation height, S, data obtained by profilometry. The 
samples are listed in order of increasing layer thickness (for the bilayer and graded 
layer samples the total sample thickness is given).
Sample GrowthMethod
Nominal 
% In h (nm) S (nm)
M209 CBE 2 0 2 1 0.34
ME675 MBE 2 0 25 0.9
M281 CBE 2 0 40 1 . 8
ME841 MBE 2 0 50 0 . 8
ME823 MBE 2 0 70 0.7
#269B MBE 2 0 87.5 1 . 8
#264A MBE 1 0 93 1 . 6
RMB965 MBE 25 99 8
ME842 MBE 2 0 1 0 0 2.4
M279 CBE 2 0 1 0 0 1.5
M278 CBE 2 0 126 5.1
RMB967 MBE 25 138 7.2
#265A MBE 1 0 175 9
ME630 MBE 2 0 2 0 0 1.9
M280 CBE 2 0 2 0 0 17.5
#314 MBE Sco Tabic 3.4 240 2 . 2
#316 MBE See Table 3.4 280 3
RMB965 MBE 25 295 8.4
#315 MBE See Table 3.4 320 6.3
#264A MBE 1 0 349 5
ME631 MBE 2 0 400 14
#263A MBE 1 0 582 1 0
ME633 MBE 2 0 800 14.4
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M277 CBE 2 0 1 0 0 0 6
#237 MBE S«T«We3.4 1 0 0 0 11.4
#238 MBE See Tible 3.4 1300 6 . 8
#209 MBE See T#bk 3.4 1500 18.6
Table 3. 2  Striation height, S, data for ail the samples.
Figure 3. 5" shows striation height, S, plotted against layer thickness, h. There 
is a general trend for S to increase as h increases as might be expected. However 
there does appear to be a maximum striation height (S  ^20 nm) which occurs at 
h “ 200 nm and which is not exceeded regardless of greater values of h.
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Figure 3. S  Striation height S versus layer thickness for all the samples 
looked at, S./L. layen ) ^
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3.4 <001 > Oriented Single Layer Samples
The <001> single layer samples, grown by either MBE or CBE, had surface striations 
measured using a Talystep profilometer and the amount of sti ain relaxation measured by 
DCXRD. The results are shown below in Table 3.3.
Sample
Number
Growth
Technique
h
(nm)
S
(nm) Gr de
M209 CBE 2 1 0.34 0.0048 0.00197
ME675 MBE 25 0.9 0.0146 0.00057
M281 CBE 40 1 . 8 0 . 0 1 0 2 0.00055
ME841 MBE 50 0 . 8 0.0124 0.00138
ME823 MBE 70 0.7 0.0116 0.00218
#262A MBE 93 1 . 6 0.0074 0.00130
ME842 MBE 1 0 0 2.4 0.0083 0.00443
M279 CBE 1 0 0 1.5 0.0088 0.00156
M278 CBE 126 5.1 0.0047 0.00386
#265A MBE 175 9 0.0048 0.00389
ME630 MBE 2 0 0 1.9 0.0043 0.00843
M280 CBE 2 0 0 17.5 0.0033 0.00605
#264A MBE 349 5 0.0025 0.00628
ME631 MBE 400 14 0 . 0 0 2 2 0.01193
#263A MBE 582 1 0 0.0019 0.00675
ME633 MBE 800 14.4 0 . 0 0 2 0 0.01213
M277 CBE 1 0 0 0 6 0.0033 0.00741
Table 3. S’ Striation height data for <001 > oriented single layers.
Figure 3. é? shows S plotted against h. From this graph is can be seen that there 
appears to be a critical layer thickness beyond which the striation height rises 
sharply. This value of h is close to « 100 nm which agrees well with the onset 
of significant relaxation of the layer. With the introduction of dislocations to
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allow the layers to relax, the associated stain fields around the dislocations lead 
to the striated surfaces. Beanland’ has shown, using laser scattering, that 
significant striations begin to form at approximately during the growth of these 
layers.
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Figure 3 .6  Striation height versus layer thickness for the <001 > 
single layer samples.
There appears to be no major difference in the onset of striation growth due to In 
concentration in the layers (which gives different misfit strains and hence a 
different or growth technique used. This is surprising as the 10% In samples 
would be expected to have a relaxation critical thickness twice that of the 20% In 
samples.
Figure 3. 7  shows an almost linear relationship with change in strain, &, times 
layer thickness with striation height, (§6 is the amount of misfit strain which has 
been effectively relieved by dislocations).
As yet, no clear explanation exists to account for this relationship.
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Figure 3. 7  Striation height versus (Se x layer thickness) for 
the <001 > single l a y e r s ^ ^ ^ ^  5 .7 . c k k ^ l t i  1 û ^ ) ,
The thinnest CBE layer does appear to be an anomaly though. This is attributable 
to the large value for Se given which in turn is an indication that this sample could 
be considered poor quality.
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3.5 <001 >  Oriented Graded and Bilayer Samples
These samples were grown by MBE and had surface striations measured using a Talystep 
profilometer and the amount of strain relaxation measured by DCXRD. The results are 
shown below in Table 3.4.
Sample Type Nom inal % In h (nm) S (nm)
#314 bilayer 10, 20 240 2.2 0.00795
#315
bilayer with 
120 nm grade
10, 10-20(g), 20
320 6.3 0.00825
#316
bilayer with 
40 nm grade 10, 10-20(g), 20
280 3 0.00615
#209
graded layer with 
capping layer
0-20(g), 20 1500 18.6 0.0037
#237 graded layer 0-20(g) 1000 11.4 -
#238
graded layer witli 
capping layer 0-20(g), 20
1300 6.8 0.01381
Table 3.4 Striation height data for the graded and bilayer samples. 
Compositions with (g) denote a giaded layer.
Figure 3. ^  shows the striation data plotted against total layer thickness for the 
samples. The three bilayers show the sharpest increase in striation height with the 
120 nm graded layer sample having the greatest value of S. It would appear that 
the graded layer affects striation height more than the constant composition layers 
with an increase in S with grade thickness.
The graded layers also show a general increase although the 300 nm capping layer 
sample has a lower value of S than just the single graded layer sample. Whether 
this could be a means to help reduce S, where the striated surface is reduced by 
the capping layer before the size of the layer leads to further development of 
striation height, is uncertain. However, the surface of the graded layer would 
have to be controlled to a far greater accuracy than at present to reduce the initial
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striation height.
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Figure 3 ..^  Striation height versus total layer thickness for the bilayer 
and graded layer samples.
When &*layer thickness (in this case the uppermost constant composition layer) 
is plotted against S, shown in Figure 3. ^  , a simliar trend to that observed for 
the single layers is seen. It is not possible to comment further due to the small 
number of samples although the &-thickness products are higher than the < 001 > 
single layer samples. Kidd et concluded that for compositionally graded 
layers the highest possible grade rate should be used . This is because striation 
height increases with both strain relaxation and thickness. The grades used in 
these samples are much lower than the preferred maximum (0 - 30% In in 1000 
nm compared to the same grade in “ 250 nm^°).
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Figure 3. ^  Striation height versus (Se X top or capping layer 
thickness).
3.6 < 111 > Oriented Single Layer Samples
These samples were all grown MBE. Three samples have a substrate 
misorientation of 2° towards < 2 1  1 > , the other is 1° towards < 2 1 1 > . The 
results are shown in Table 3. 5*
<111>  Layers < 001 > Layers
Sample O^cut h (nm) S (nm) Sample h (nm) S (nm)
#269B J 0 < - 2 1 1 > 87.5 1.8 #262A 93 1.6
RMB965 2° <2-1-1 > 99 8 ME842 100 2.4
RMB967 2® <2-1-1 > 138 7.2 M278 126 5.1
RMB966 2® <2-1-1 > 295 8.4 #264A 349 5
Table 3.5" Striation height data for the < 111> oriented single layers 
(compared to <001 > samples of similar layer thicknesses).
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Because of the small amount of samples looked at no clear conclusions about 
striations on samples in the < 111 > orientation can be made. However, the most 
obvious observation made from these results is that the offcut seems to have a 
considerable affect on S. This is in direct disagreement with previous results^^ 
although the < 111 > orientation is not as well understood as <001 > .
If these samples are compared to < 001 > single layer samples of similar thickness 
then it becomes clear that the striations dite hig/?e/ for the <111> oriented 
samples. Also, the results show that while there is a gradual increase in S as h 
increases for the < 001 > samples this does not appear to be the case with the 
< 111 > samples (this may be an effect of the offcut). The results are shown in 
Figure 3. 10
i
6 -
X
§1
X  r < 2 1 1> X 2"<2 Î 1> #  <001 >
50 100 150 200 250 300 350
Layer Thickness (nm)
Figure 3. 1(7 Striation height versus layer thickness for the <111> 
oriented samples. <001 > samples with the same or similar layer 
thicknesses are also plotted for comparison.
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3.7 Conclusions
By comparing striation height, S, data obtained using both AFM and Talystep 
profilometry, the Talystep has been shown to give a good estimate of striation 
height for a variety of different types of sample. The Talystep gives relative, 
rather than absolute, values for S. It does, however have the capability to give 
data from much longer scan ranges (hundreds of fim) than those available from 
AFM.
Striation height, S, increases with layer thickness, h, once a threshold value of h 
has been exceeded. This value is approximately 70 nm which agrees well with 
her. This is significant because striations are thoughito be caused by distortion to 
the lattice by strain-relieving dislocations at the layer-substrate interface. There 
is also a maximum value of S 20 nm which is not exceeded regardless of 
increase in h.
The relationship between 6e*h and S has been shown to be approximately linear, 
where ôe is the change in strain in a layer due to relaxation.
Samples with graded layers and single layers grown in the <111> orientation 
have also been studied. Both types of samples have striations. The samples with 
graded layers appear to show an increase in S with an increase in the graded layer 
thickness. The values of S for the <111 > oriented samples are worse for those 
with the greater substrate misorientation. These results, however, are inconclusive 
due to the small number of samples investigated.
From the results presented here, the best type of structure to use as a buffer layer 
for growing devices on appears to be a bilayer-type sample with graded layers 
between constant composition layers. The striation height is comparatively small 
compared to the misfit strain relaxation for this type of structure. This was shown 
in Figures 3 .^  and 3 .4  . However, the small number of samples looked at may
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not be representative and further work would be advisable.
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Chapter 4
(001) Single Layer Strain Relaxation
Behaviour
(001) Sti'ain Relaxation Behaviour
4.1 Introduction
The discovery that single layers of In^Ga .^^As grown on GaAs substrates by 
molecular beam epitaxy (MBE) relax above a certain critical thickness, hc„ is 
widely accepted. Although there is no dispute that the layers do relax, that the 
relaxation behaviour could be predictable and obey an empirical relationship 
between strain and layer thickness is controversial.
However, Dunstan and co-workers^ have shown evidence for such a relationship 
where
(4.1.)
From a log - log plot of strain versus thickness, n (the gradient) was shown to be 
= -1, hence
(4. %
'  h
The value of n is investigated in Section 4.9. The constant of proportionality, 
k, from the log - log plot is the y-axis intercept. From this early body of work 
it was found that k = 0.83 nm ±  0.1 nm.
Although Dunstan et al}'^ and others  ^"^ '^  have published data validating this 
relationship this body of data is small. However the samples used came from two 
independent growth laboratories which was used to indicate the universal 
applicability of the relationship. Until this point, different growth facilities were 
publishing data^ ^^  without any reference to theory other than critical'
thickness, i.e. the point at which relaxation becomes thermodynamically 
favourable.
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Three regimes have been identified in the relaxation behaviour of single layers^ 
Figure 4.1 shows these regimes. In regime 1 samples are below relaxation 
critical thicloiess and do not significantly relax, if at all. After the onset of 
relaxation, regime 2, samples relax to values predicted by Equation 4. 2 (i.e. 
they fall onto the cui*ve). In regime 3, the number of dislocations is such that 
they impede each others movement and this leads to no further significant 
relaxation (work hardening).
0.1
€ = k / h where k = 0.83 nm
0.001 100
Layer Thickness (nm)
1000
Figure 4.1 Graphical representation of Equation 4. 2 (after Dunstan 
et at}) for the relaxation behaviour of In^Ga^ .^ As single layers grown on 
GaAs substrates by MBE.
The aim of this work was to examine the relationship in Equation 4. 2 for a 
wider variety of samples. To further test this relationship the samples used have 
been grown by MBE, chemical beam epitaxy (CBB) and atomic layer epitaxy 
(ALE) at three independent growth facilities. Both CBE and ALE are derivatives 
of MBE. The samples are all single layers grown in the < 001 > orientation 
(shown schematically in Figure 4. 2).
To achieve tliis high resolution (in this case double ciystal) X-ray diffraction, 
HRXRD (DXRD) has been utilised. Strain measurement using high resolution X-
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ray diffraction is still a comparatively new technique. Most previous work in the 
area of strain and strain relaxation has been limited to the observation of 
dislocations in epitaxial layers using transmission electron microscopy (TEM)(for 
example^®).
<001 >
layer
t (nm)
X (% In)
substrate
Figure 4. 2 Schematic diagram of the samples investigated. All were 
grown on GaAs substrates in the <001 > direction.
4.2 MBE Grown Samples
The samples were grown by Dr. A. Sacedon at U. P. M. in Madrid. A substrate 
temperature T, = 500®C was used.
For all samples, eight rocking curves were obtained (four from the symmetric 
(004) reflection and four for the asymmetric (115) reflection). From the layer - 
substrate peak splitting values the relaxation and composition of each layer was 
calculated as described in the experimental chapter. Table 4. 1 shows the results 
obtained for the samples. The results are then plotted as a strain - thickness 
graph. For clarity, the data are presented in two graphs, the first being the 10 % 
In (nominal) samples (including the 15 % sample, #369A) with the remaining
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samples presented in the second figure. The graphs are shown in Figures 4. 3  
and 4. 4"
Sample
Number
Nominal 
Thickness 
h (nm)
Nominal 
In Content 
(%)
In Content 
(%)
%
Relaxation Cr
#262A 93 10 12.2 + 0.15 15 + 1 0.00736
#263A 582 10 12.2 + 0.8 78 + 8 0.00191
#264A 349 10 12.3 ± 0.5 12 ± 1 0.00245
#265A 175 10 12.2 ± 0.5 45 ± 8 0.00477
#266A 46.5 20 19.5 ± 0.1 6 ± 2 0.01295
m i A 291 20 19.25 ± 0.1 68 ± 1 0.00435
m s A 174.6 20 19.5 ± 0.2 64 + 4 0.00496
m 9 A 87.5 20 20.5 ± 0.1 33 + 4 0.00970
#350A 465 10 11.6 ± 0.7 73 + 8 0.00222
m i A 400 20 17.4 ± 0.1 68 + 3 0.00394
#368A 815 10 10.9 ± 0.3 79 + 5 0.00163
#369A 62 15 19.4 ± 1 7 + 7 0.01275
#370A 42 25 14.7 ± 0.1 12 + 2 0.00917
Table 4. 1 Results for the MBE grown samples calculated from the rocking 
curve data.
From the graphs it is clear that the majority of the samples do indeed exhibit 
relaxation behaviour as predicted by Equation 4. 2. Two samples are below h„ 
(layer thicknesses of 42 nm and 46.5 nm respectively) and the onset of work 
hardening appears to start at a layer thickness of approximately 300 nm although 
there is not significant deviation from the curve at these values.
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Ii 0.01
0.001 1000
Layer Tliickness (lun)
Figure 4.^5 The relaxation behaviour of the nominally 10 % In (plus 
the 15 % In sample) MBE grown samples. Veiy good agreement with the 
predicted behaviour, shown by the heavy dashed line (representing 
Equation 4, 2) is observed. The deviation of the samples at large values 
of h is due to the impediment of dislocation motion.
13 0.01
100
Layer TMckness (nm)
1000
Figure 4.4 The relaxation behaviour of the nominally 20 and 25 % In MBE grown 
samples. The two thinnest samples fall into Region 1 (see Figure 4.1) as they are below 
her. Again, deviation from the curve at larger values of h is observed.
Tliis set of data shows veiy good agreement with the predicted relaxation
behaviour. As all three sets of data (the original two data sets and this one) from
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the three MBE growth laboratories agree with Equation 4. 2 the statement that 
the relaxation of these MBE grown samples is predictable is justified.
4.3 CBE Grown Samples
Once the MBE data had all shown good agreement with Equation 4. 2 it was an 
obvious next step to determine whether samples grown by other techniques show 
the same relaxation behaviour. CBE is a derivative of MBE using organo-metallic 
precursors rather than solid effusion (Knudsen) cells. CBE is a relatively new 
growth technique. The control parameters for good growth are not yet as well 
understood as those for MBE. These samples were grown by Dr. T. Joyce, 
Department of Materials Science and Engineering at the University of Liverpool.
Table 4. % shows the growth details and experimental results for the samples. 
The nominal constant composition is the same as that for the original MBE 
samples^ The wide range of layer thicknesses should give data points in all three 
relaxation regimes.
Once again eight rocking curves were obtained for each sample. The relaxation 
behaviour is shown in Figure 4. S'
4.6
(001) Strain Relaxation Behaviour
Sample
Number
Layer 
TliicEcness 
b (um)
Nominal In 
Content 
(%)
In Content 
(%)
%
Relaxation €r
M277 1000 20 15 ±  1 69 ±  15 0.00333
M278 126 20 12 ±  1 45 ± 10 0.00473
M279 100 20 14.5 ±  1 15 ± 3 0.00883
M280 200 20 13 ±  1 65 ±15 0.00326
M281 40 20 15 ±  1 5 ±  5 0.01020
Table 4. 2  Results for the CBE grown samples.
I
0.1
0.01
0.00110 100 1000
Layer ITiickness (nm)
Figure 4. 5  The relaxation behaviour of the CBE grown samples. The 
h = 40 nm sample is below and the h = 1000 nm sample is in the 
work hardening regime. The remaining samples show good agreement 
with the relaxation curve.
From Figure 4.5^ , the CBE samples show very good agreement with the 
relaxation curve. As anticipated the 40 nm sample is below and the 1000 nm 
sample is in regime 3 where probable work hardening (dislocations tangle and 
cannot move) has caused it not to relax onto the curve.
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4.4 ALE Grown Samples
It has been established® that MBE growth has an upper In content threshold, 
approximately x > 0.25 - 0.3, beyond which the growth is very poor. It is 
known that above the MBE growth threshold (where undesirable 3D growth starts) 
the layers do not relax predictably^. ALE involves atomic layer by layer growth 
which allows a greater control of the ternary layer quality. ALE is essentially the 
same as MBE but with greater control of the atom sources. As the growth control 
is greater for ALE it is of interest to determine whether layers, where x > (MBE 
3D growth threshold), show good relaxation. These samples were grown to 
determine whether In^Gai.xAs with very high In content, x « 0.5, relax as 
predicted by Equation 4. 2.
These samples were grown at a substrate temperature of Tg = 350'’C by Dr. L. 
Gonzalez at the Centro Nacional de Microelectronica in Madrid. Prior to the 
layer growth a 200 nm buffer layer of GaAs was grown by MBE. Table 4 .3> 
shows the nominal sample details and experimental results. The nominal 
composition was chosen as it exceeds the 3D growth threshold in MBE as well as 
being the exact one at which the In^Ga .^^As lattice constant matches that of In? 
(5.8688 A).
Sample
Number
Layer 
Thickness 
h (nm)
Nominal In 
Content 
(%)
In Content 
(%)
%
Relaxation €r
G3177-2 50 53 49 + 1 69 + 5 0.01051
G3178-1 100 53 49 ± 1 82.5 ± 5 0.00594
Table 4. 3 Results for tlie ALE grown samples.
Figure 4. ^  shows the relaxation behaviour compared to Equation 4. 2.
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13 0.01
1000
Figure
Layer Tliiclaiess (nm)
6 The relaxation behaviour of the ALE grown samples.
Both samples show significant relaxation. They both lie just below the curve but 
still follow the general trend of Equation 4. 2. This is very encouraging as it 
implies that even at high levels of In concentration if the growth method is such 
as to overcome the 3D growth problem then the relaxation behaviour is 
predictable.
The relaxation behaviour of single layers of In^Ga .^^As grown epitaxially on (001) 
oriented GaAs substiates has been shown to obey a simple relationsliip (Equation 
4. 2). Samples used to determine this agreement with the empirical relaxation 
law were grown using three different growth techniques from three independent 
laboratories.
The use of the different growth techniques, especially ALE, has shown that 
Equation 4. 2 is valid for good quality material even at compositions wliich have 
previously only shown poor results due to growth problems^ .^
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4.6 Overall <001 > Growth Trends
When all the samples are plotted on one graph, it becomes very clear that the 
relationship given by Equation 4. 2 is valid for these new samples, shown in 
Figure 4. 7  • However the absolute value of k may be questioned. From the 
original data that lead to the derivation of Equation 4. .2, a value of k — 0.83 nm 
± 0.1 nm had been established^ If all of the data points which lie in regime 2 
(i.e. samples which are above h^ r but have not deviated from the curve due to 
work hardening) are looked at then a value of k for this data can be determined. 
The relevant data are shown in Table 4. 4"
Sample
Number h (nm) €r k (nm)
#262A 93 0.00736 0.68
m s A 582 0.00191 1.11
#264A 349 0.00245 0.86
m s A 175 0.00477 0.83
#266A 46.5 0.01295 0.60
#268A 174.5 0.00496 0.87
#269A 87.5 0.00970 0.85
#350A 465 0.00222 1.03
#369A 62 0.01275 0.79
M278 126 0.00473 0.60
M279 100 0.00883 0.88
M280 200 0.00326 0.65
G3177-2 50 0.01051 0.53
G3178-1 100 0.00594 0.59
Average value of k 0.78
Standard deviation an.i 0.17
Table 4. 4- Data used to determine a value of k for the present data set.
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FSgiire 4, 7  The relaxation behaviour of all the <001> samples. The 
value of k for these samples has been found to be 0.78 nm ± 0.17 nm. 
Tliis is slightly lower than the originally proposed value of 0.83 nm.
As with any set of experimental data there is inevitably random error associated 
with it. However, it is more important to determine whether there is any 
systematic error present. By using a significance test it is possible to determine 
whether the difference in the values of k (0.83 nm from Equation 4. 2 and 0.78 
nm from Table 4. if ) is due to random or systematic errors.
To this end, the null hypothesis that the experimental results are not subject to 
systematic error is adopted. This implies that there is no difference between the 
two values of k other than that which can be attributed to random variation. The 
significance level is shown by the probability, P, of rejecting a null hypothesis. 
However, if the null hypothesis is retained, it must be noted that it has not been 
shown to be true, only that it has not been shown to be false.
To detei*mine the significance, the following equation is used,
(4.S)
where is the mean value of the present data set, ^  is the value to which % is 
compared (in this case 0,83 nm), n is the number of samples and s is the standaid 
deviation.
Substituting in the appropriate values, a value for t is found. If |t| exceeds a
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certain critical value then the null hypothesis is rejected. The critical value of |t| 
is found from tables^ .^
For a sample size of 14 (13 degrees of freedom) and a significance level of 0.01 
( i.e. P = 1%), the critical value of |t| is 3.015.
From Equation 4 .J  |t| =  1.84, below the critical value. Therefore the null
hypothesis is accepted, there is no evidence of systematic error and the value of 
k = 0.78 is not significantly different from the value given in Equation 4. .2. 
It must be noted however that this does not eliminate the possibility of systematic 
errors, only that they have not been demonstrated.
4.7 Summary
The value of k (the y-axis intercept from a log - log axes graph) for this set of 
data has been shown to be 0.78 nm ±  0.17 nm although statistical analysis has 
shown that this value is not significantly different from the original value 
calculated by Dunstan and co-workers\ Indeed, very good agreement has been 
observed between the samples and the original relaxation equation. The values for 
k and n in Equation 4. 2 are investigated in more detail in the next Section.
Although the results presented here have only been used to confiim the validity of 
Equation 4.2 it should be noted that there is, in the literature (see e.g.^ "^ ) a variety of other 
analytical models of strain relief. These models predict dislocation densities using models 
such as dislocation reaction kinetics and results compared with X-ray diffiaction peak 
broadening "^  ^ or TEM measurements. In contrast models, such as that proposed by 
Beanland  ^ and being used here, based on dislocation multiplication mechanisms predict 
relaxation (rather than dislocation density).
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4.8 The Empirical Constant k
As stated in the previous section, the value of k (from Equation 4. 2) is given 
as 0.83 nm. The results presented, though, showed a slightly lower value of k 
although statistical significance testing showed that there was no discernable 
difference from the originally quoted value.
If the new data are combined with the old data (that lie within the second regime 
as shown by Figure 4. 1) then it is possible to determine a new and hopefully 
more precise measurement for k. The original data have been taken from two 
earlier papers.
Both sets of data from these papers were calculated by double crystal x-ray 
diffraction with the composition and relaxation calculated from the rocking curve 
substrate - layer peak splitting values.
The combined data are shown in Table 4. p  and plotted in Figure 4. 6 For 
clarity the data is tabulated in order of increasing layer thickness (only the layer 
thickness, residual strain and a value of k for each sample are given). The old 
and new data are distinguished in Figure 4. g  with the old data plotted as two 
series according to growth temperature.
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Layer
Thickness
(nm)
Growth
Method
Nominal
%In Ct k (nm)
46.5 MBE 20 0.0130 0.60
50 ALE 53 0.0105 0.53
62 MBE 15 0.0128 0.79
70 MBE 20 0.0116 0.81
70 MBE 20 0.0138 0.97
87.5 MBE 20 0.0097 0.85
93 MBE 10 0.0074 0.68
100 ALE 20 0.0059 0.59
100 CBE 20 0.0088 0.88
100 MBE 20 0.0083 0.83
100 MBE 20 0.0094 0.94
126 CBE 20 0.0047 0.60
141 MBE 20 0.0063 0.89
174.5 MBE 20 0.0050 0.87
175 MBE 10 0.0048 0.83
200 CBE 20 0.0033 0.6
200 MBE 20 0.0043 0.86
200 MBE 20 0.0053 1.06
349 MBE 10 0.0025 0.86
400 MBE 20 0.0022 0.88
400 MBE 20 0.0032 1,28
465 MBE 10 0.0022 1.03
582 MBE 10 0.0019 1.11
Average value of k 0.84
Standard deviation cTn-i 0.18
Table 4.5 Original^ '* and new data used to determine a revised value for k.
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Figure 4.- g The old and new data (that relax according to Equation
4. 2) plotted to determine a new value for the relaxation constant k (the 
residual strain-thiclaiess product). The new value has been found to be 
0.84 nm ± 0.18 nm (compared with 0.83 nm ± 0.1 nm previously used).
The dashed line corresponds to the value of k with the dotted lines 
corresponding to a,n -l’
All the data presented show very good agreement with the new k value 
(over half the points lie exactly on the curve).
The value of k determined from this combined data set is very close to that 
determined fiom the original data. It must be noted though that this value is 
solely for In^Gai ^ As layers on GaAs grown in the < 001 > orientation. Equation
4. 2 can now be rewritten as
0.84
A" (4.4)
The value of n, although shown to be 1 by Dunstan et al., has been questioned 
by other authors, in particular Drigo et who used In^ Ga^ ^^ As layers on GaAs 
also. In the next section, the value of n is investigated.
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4.9 The Value of n in Equation 4.1.1
Single layers of In^Ga .^^As/GaAs have been widely studied and the strain above 
K.. has been shown to be
0.84
A"
(4 .5 )
where n = 1 by Dunstan and co-workers^’^ ’^ ’'^ ’^  and while the new results presented 
in Sections 4.2 - 4.4 have corroborated this there is still published data which 
reports a relationship where n = -Vi, most notably Drigo et aP. It is of 
particular interest to see whether the discrepancy between the two theories of 
Dunstan and Drigo can be rectified.
The Drigo were grown using MBE and then characterised using a variety of 
techniques, including Rutherford backscattering/channelling spectroscopy (RBS), 
DCXRD, x-ray topography (XRT) and transmission electron microscopy. RBS 
was the main technique used to determine composition and strain in the layers.
The results from the paper are shown in Table 4.. ^  The alloy misfit, called f^  
in the original paper, is renamed eq in keeping with previous notation. Although 
some samples had the strain calculated by DXRD also only the RBS results are 
shown here for convenience. The layers are tabulated in order of increasing layer 
thickness.
Layer Thickness 
(mn) In Content (%)
0^
(%)
-6,
(%)
20 8 0.57 ± 0.04 0.57 ± 0.05
23 15 1.07 ± 0.04 1.11 ± 0.08
26 11 0.79 db 0.04 0.77 ± 0.04
36 8 0.57 + 0.07 0.55 ± 0,03
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45 15 1.07 ± 0.04 1,16 ±  0.06
68 10.4 0.75 ± 0,04 0.68 ± 0.04
90 7.5 0.54 ± 0,04 0.57 ±  0.04
200 8 0.57 ± 0.04 0.40 ± 0.02
310 8.5 0.61 ± 0.04 0.37 ± 0.03
314 10.3 0.74 ± 0.04 0.38 ±  0.03
345 15 1.07 ± 0.04 0.40 ± 0.03
408 3.5 0.25 ± 0.02 0,25 + 0.02
810 8 0.57 ± 0.04 0,19 ±  0.02
1156 8 0.57 ± 0.04 0.17 ± 0.02
Table 4. 6  Strain data for InxGa^xAs single layers grown on GaAs (from Drigo 
et aP.).
The results are plotted in Figure 4. ^  . Although there is some agreement with 
the relaxation curve (Equation 4.. 2 )  shown by the green dashed line it is 
inconclusive from this graph. The red dotted curve is a guide to the eye showing 
the approximate slope of the line quoted by Drigo in the original publication. In 
the original figure differentiation has not been made between layers that have 
relaxed and those that have not. From Table 4.:.b' it is apparent that many of the 
thinner layers (and also the 408 nm thick sample with very low In concentration) 
have not relaxed. If these samples are discounted then much better agreement 
with the predicted curve is observed.
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Figure The data ft'om Drigo et aP , plotted against Equation 4.2. 
(the dashed line) using n == 1 (as proposed by Dunstan et The
dotted line is a guide showing the slope of the curve with n = % (as 
suggested by Drigo for the theoretical fit of the data).
Also, when the data is plotted with data from UPM (also grown by MBE), then 
it becomes apparent that there is agreement with Equation 4 . 2  (the scatter 
around the curve for the Drigo data is not much worse than for the UPM data). 
This is encouraging as it gives more credence to the proposal that the value of n 
in equation 1 is -1 rather than -14. This is shown in Figure 4.(0
Another way of showing whether data agrees with the empirical curve is to plot 
htliiclcness frequency plot. The Drigi 
using this strain-tliicloiess approach.
a normalised strain-tli o data is analysed further 
in the next
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Figure 4. jO The Drigo data plotted with MBE samples from Section 
4,2. The open cii'cles are samples which have not relaxed (after Dunstan 
et alP). As can be seen the Drigo samples, which have relaxed, show 
good agreement with the dashed line (n = 1).
4.
The relationship between strain and layer thickness in single layers of InGaAs 
grown on GaAs substrates has been shown to be a simple one where
0.84
h
(4. 5 )
When strain - thickness data is plotted as a log-log graph the gradient is -1 and the 
y-axis intercept is 0.84. This relationship is tme for good quality (001) growth 
of(tnpaKs/GaAs. It is of interest to determine whether this is true for other alloy 
systems.
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Chapter 5
The Strain Relaxation Behaviour of 
Other Semiconductor Alloy Systems
Relaxation of Other Alloy Systems
5.1 Introduction
As already stated, an empirical relaxation law has been deduced for high growth 
quality In^Ga .^^As/GaAs where the residual strain in given by
The value of k has been determined to be 0.84 nm ±  0.18 nm (Section 4.8) 
giving a critical thickness greater than the Matthews equilibrium value which we 
call the relaxation critical thickness. At equilibrium critical thickness, conditions 
become energetically favourable for dislocations to form. However the layers are 
not thick enough for dislocation multiplication to occur  ^ leading to significant 
stiain relaxation. Once the relaxation critical thickness is reached, then dislocation 
multiplication mechanisms can occur and hence the layers can relax (by amounts 
detectable by experimental techniques such as DCXRD).
An alternative method to show the relaxation behaviour is to replot the data from a 
strain versus layer thickness graph as a frequency plot showing the strain - 
thickness product^. This has been normalised to the substrate lattice parameter. 
The relaxation would be expected to scale with the Burgers vector of the strain- 
relieving dislocation which, in turn, should scale with the substrate lattice 
parameter. It is predicted that if a sample obeys the empirical relaxation law then it 
should have a normalised strain - thickness product close to 1.49 (i.e. 0.84nm / 
aoaAs). This method is useful for survey work in other alloy systems and is used in 
the next sections. However, to justify this technique, In^Gai-xAs on GaAs is 
looked at again.
5.2 In^Gui.^As/GaAs (from Sections 4.2-4.4)
The results for the lUxGai.xAs/GaAs samples (from Sections 4.2-4.4) have their normalised 
strain-thickness products shown in Tables 5.1 and 5.2.
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(the CBE and ALE data are tabulated separately for convenience) and plotted in 
Figure 5. 1.
Layer Thickness 
(nm)
* h 
(nm) (6, * h)/a,ub
42 0.39 0.68
46.5 0.60 1.07
62 0.79 1.40
70 0.81 1.44
70 0.97 1.71
87.5 0.85 1.50
93 0.68 1.21
100 0.83 1.47
100 0.94 1.66
141 0.89 1.57
174.5 0.87 1.53
175 0.83 1.48
200 0.86 1.52
200 1.06 1.87
291 1.27 2.24
349 0.86 1.51
400 0.88 1.56
400 1.28 2.26
400 1.58 2.79
465 1.03 1.83
582 1.11 1.97
815 1.33 2.35
Table 5. 1 Normalised strain-thickness products for MBE grown 
In^Ga .^^As/GaAs samples.
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Layer Thiclcness 
(nm) (nm) (e.. •■Î' h)/a,„b
50 0.53 0.93
100 0.59 1.05
40 0.41 0.72
100 0.88 1.56
126 0.60 1.05
200 0.65 1.15
1000 3.33 5.89
Table S.2. Normalised strain-thiclaiess products for ALE and CBE grown 
InxGaj.xAs/GaAs samples.
#  Pieseiit Work 
Lavoie at al^
Drigo et al
I
%
M
Normalised strain-thickness product
re S. 1 Normalised strain-thickness frequency plot for (inp^s/GaAs 
samples. As can be clearly seen the majority lie close to the predicted value of 
« 1.5. All samples have been plotted with no discrimination between good and 
bad samples (after Dunstan et at?).
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The majority of the MBE grown samples lie close to or on the predicted value 
1.5). This is not surprising as the relaxation law was established from the 
relaxation behaviour data from these samples. The CBE and ALE samples are 
more scattered.
5.3 ImGai.^ As/GaAs (f^ rvm iiie/d'U/c)
The samples here are from Drigo et al? The samples have already been plotted 
against Equation 4-5  ^ in Section 4.9 and show good agreement with it. The 
normalised strain-thickness products are shown in Table 5.3 and plotted in 
Figure 5. 1 (no values greater than 2.5 are plotted for convenience).
Sample 
Thickness (nm)
* h 
(nm) (e, * h)/a^b
20 0.11 0.20
23 0.26 0.45
26 0.20 0.35
36 0.20 0.35
45 0,52 0.92
68 0.46 0.82
90 0.51 0.91
200 0.80 1.42
310 1.02 1.80
314 1.19 2.11
345 1.38 2.44
408 1.02 1.80
810 1.54 2.72
1156 1.97 3.48
Table 5.3 Normalised strain-tliickness products for MBE-grown (In,Ga)As samples taken 
from a paper by Drigo et al?. The compositions varied from 3.5 - 15 % In (see Table 4.6) 
and the strain was calculated using RBS.
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5.4 In,Ga,.,As/GaAs V
This set of samples is from a paper by Lavoie et al? This data set is from a 
growth facility unrelated with the previous work that established the relationship 
in Equation 4  ^ . The growth was performed by MBE at 490° C. The results 
are shown in Table 5.4 In the original paper the relaxation, calculated from 
XRD results, was quoted for the [1 1 0] and [1 1 0] directions. The results here 
have been averaged for the two directions.
Sample 
Thickness (nm)
Cr * h
(nm) (e, * h)/a^b
33 0.42 0.74
58 0.68 1.21
83 0.79 1.40
Table 5.4 Normalised strain-thickness products for MBE-grown (In,Ga)As samples taken 
from a paper by Lavioe et al?. The compositions were all 10 % In and the strain was calculated using DCXRD.
The results (Figure 5. 1) show that the samples are all below the predicted value 
although the layer thicknesses are small (for the layer composition, x = 0.18) they 
are very close to which explains the low amount of strain relaxation.
5.5 The Applicability of the InGaAs/GaAs Empirical Relaxation Curve 
to Other Alloy Systems.
It is now of particular interest to ascertain whether or not the relaxation behaviour 
observed in InGaAs/GaAs can be applied to other systems. Previously published 
data is compared with the predictions of Equation • The choice of data was 
determined by the need for the information in the original references to not only 
include strain relaxation but also for it to give a good estimate of the sample
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quality. There are, of course, many more published data sets which have not been 
included as the selection criteria chosen meant that sample quality information was 
needed which was not presented in the publications.
The data included here are from the systems ^ lp^sSb)^GaSb,^npd^e/GaAs, 
(iqAljfeib/InSb, high temperature SiGe/Si, GaAs/Ge and (inp^s/GaAs. The 
samples were grown by different techniques. The data show good agreement with 
the empirical relaxation law. This is expected from the dislocation multiplication 
modeP of relaxation critical thickness since all these systems have the same crystal 
structure. For crystal growth of comparable quality the relaxation behaviour is 
independent of growtli method.
5.5.1 AlxGa,.xASySbi.y/GaAs
The data were taken from a paper by Lazzari et al? The samples were grown by 
liquid phase epitaxy with the results obtained using DXRD utilising the 
asymmetric (115) reflection. Of the original data set only the compressive data 
are shown (and for convenience only those samples whose strain-thickness product 
was < 2.5; this meant that 8 samples were ignored). The data, shown in Table 
5.5. , has been plotted in Figure 5. Z , The majority of the data lie close to
the predicted value. The samples with normalised eh values greater than 2.5 can 
be explained by the occurrence of work hardening at large h values.
Sample 
Thickness (nm)
* h 
(nm) («r * k)/a^b
500 1.00 1.63
800 1.28 2.09
500 1.00 1.64
2000 1.40 1.64
1250 1.37 2.25
5.6
Relaxation of Other Alloy Systems
1500 1.20 1.97
2000 0.20 0.33
1500 0.45 0.74
1500 0.30 0.49
750 0.30 0.49
1000 1.40 2.29
Table 5.5 Normalised strain-thickness products for the Al^ ^Gai.xASySbi.y data.
5.5.2 Ini.,Al^Sb/InSb
This data set is from a paper by Maigné et al? The growth technique used was 
magnetron sputter epitaxy. Again the results were obtained by DCXRD using 
symmetric (004) and asymmetric reflections. When plotted as the normalised 
strain-thickness product (Figure 5. Z ) very good agreement with that predicted 
is seen. The data are presented below in Table 5 .6 .
Table 5. h
samples.
Sample 
Thickness (nm)
* h 
(nm) (€, * h)/a^b
100 0.79 1.22
100 0.95 1.47
100 0.97 1.50
100 1.04 1.61
100 1.09 1.68
100 1.14 1.76
100 1.36 2.10
Normalised strain-thickness products for t
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A sample of high A1 content (x = 0.64) is mentioned in the paper but was not 
used as it was stated that the x-ray rocking curve for the asymmetric reflection 
was too weak in intensity to give reliable results. This qualitative assessment of 
the rocking curves is consistent with that outlined by Dunstan et al? and therefore 
validates the assumption that the samples used here are of good growth quality. 
However, Maigné does argue in the original paper that the relaxation mechanism 
is different to that o f^ n p ^ s  layers.
5.5.3 Zn^^Cdi.^Se/GaAs
This data set is taken from a paper presented at the European Workshop on II-VI 
Semiconductors Linz, September 1994) by Reisinger et al? The samples were 
grown by MBE and metal - organic vapour phase epitaxy (MOVPE). The 
characterisation was performed using DCXRD and in-situ RHEED measurements. 
The critical thickness for each composition of Zn^Cdi.^Se was found using 
RHEED. The data are presented in Table 5. 7 and plotted in Figure 5 . ^ .  
The data are close to the predicted value although one sample is much lower than 
expected. This may be accounted for by virtue of its very low critical thickness 
and hence very little relaxation has effectively occurred.
Sample 
Thickness (nm)
* h 
(nm) (Cr * h)/a^b
1.5 0.10 0.18
42.2 0.53 0.93
47 0.50 0.88
101.2 0.63 1.11
156.7 0.64 1.14
224.1 0.61 1.08
Table 5. % Normalised strain-thickness products for the Zn^Cd .^^Se samples.
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5.5.4 Sii_xGe./Si
This data is from a paper by Fitzgerald et at? Compositionally graded
SiGe was grown at high temperature (900° C) by MBE and rapid thermal 
chemical vapour deposition (CVD). It is SiGe grown by the second method that 
is of particular interest. Wliile Fitzgerald finds that most of the graded layer is 
fully relaxed and contains misfit dislocations, a top layer is fully strained and 
dislocation - free as predicted by the model of Tersoff. A critical thickness for 
the particular grade rate may be defined by averaging the strain over the thickness 
and then using Equation 4-5" • That is, it is expected that
(5. l )f €(z)dz =k
For this sample, the grade is 10% Ge per fim, giving e(z) = 4.1 x 10 "^ nm‘^  (with 
the origin of z at the base of the strained region), and the integral becomes
600«m
4.1 X10"“' dz = 0.246nm
0
/
This then gives the average strain in the region as being 0.123 %. When 
normalised over the substrate lattice parameter the sample shows good agreement 
with the predicted value (shown in Figure 5.2. ).
5.5.5 GaAs/Ge
The data were taken from a paper presented by Bocchi et aP. at the Microscopy 
of Semiconductor Materials Conference, Oxford 1991. GaAs/Ge heterostructures 
were grown by MOVPE and then characterised by DCXRD, X-ray topography 
(XRT) and scanning electron microscopy (SEM). The authors acknowledge that 
there is a disagreement with the Matthews and Blakeslee“ critical thickness. 
However, even larger disagreements are shown with non - equilibrium theories
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(e.g. People and Beam^).
The results, shown in Table 5.:g , when plotted as normalised strain - thickness
products are widely scattered about the predicted value of “ 1.5 (shown in Figure
5. 2 ).
Sample 
Thickness (nm)
Cr* h
(nm) (e, * h)/a^b
244 0.18 0.32
290 0.23 0.41
190 0.20 0.36
447 0.33 0.49
729 0.48 0.86
879 0.57 1.00
1000 0,56 0.99
2053 0.86 1.51
5464 1.01 1.78
Table 5. $  Normalised strain-thickness products for the GaAs/Ge samples.
The XRD gave information on the crystalline quality of the layers. The layers 
were qualitatively assessed by the authors who concluded that the layer were of 
good quality, even the thicker layers. The SEM study reveals that the surfaces 
showed no signs of bad growth, even for samples grown at different growth rates.
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I
I
ZnCdSe/GaAso InAlSb/InSb0 GeSi/Geo AlGaAsSb/GaSbo GaAs/Ge
05 1
O
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Nonnalised strain-thidaiess product- -c-J'G *^ 2  Normalised strain-tliickness plot for other alloy systems. There is 
a wide scatter of results but there is a peak close to 1.5 (in agreement with the theoiy).
0  ZnCdSe/GaAs Q  InAlSb/IiiSb
G  GeS5/Go • O  AlGaAsSb/GaSb
G  GaAs/Go @  InGoAs/GnAs
A  InGaAs/GaAs (Lavoie ct at) ' ^  InGaAs/GaAs (Drigo et al)
05 1 15
Normalised Strain-thickness product
A combined strain-tliiclmess plot (using all data from Figures 5.1 
It is of interest to observe that the scatter of th e^n p ^ /G aA s
S.S 
and 5 .% ).
samples is as great as that for other alloy systems.
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5.6 Summary
Only layers with a strain-thickness product < 2.5 have been used (see section 5.3). 
The data is plotted (Figures 5.2 and 5.3) and a significant proportion of points lie 
close to the value predicted if the other systems behave as (In,Ga)As/GaAs. 
Although not all the data lie close to this value (the scatter of the data may be 
related to the crystal quality of the layers^) the overall distribution of the points in 
Figure 5.2 closely resembles that of Figure 5.1 implying that the relaxation 
behaviour is similar. If so the relationship in Equation 4.5 will be applicable to 
semiconductor alloy systems other than (In,Ga)As/GaAs for which it was first 
determined. From the model of Beanland^ this is due to the same crystal structure 
giwng rise to the same geometrical dislocation considerations. Geometric 
constraints on dislocation multiplication mechanisms imply that, in contrast to the 
Dodson and Tsao^  ^model for kinetic relaxation, relaxation has little or nothing to 
do with dislocation mobilities over a wide temperature range.
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Chapter 6
(111) Single Layer Strain Relaxation 
Behaviour and Critical Thickness
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6.1 Introduction
Strained III - V layers grown in the < 111 > orientation are of interest for device 
engineering because of the internal piezelectric fields generated. The maximum 
piezoelectric field is obtained by growth on the (lll)B  plane (the Ga terminated 
planes in GaAs). Although recent work (for example '^ '^ '^ )^ has started to 
investigate these phenomena in < 111 > layers, a basic understanding of the layer 
strain and relaxation behaviour has not been addressed.
In^Gai.xAs layers have been grown on (lll)B  GaAs substrates by MBE. Two 
different set of samples have been investigated from two independent growth 
facilities.
The first series was grown by Dr. A. Sacedon at UPM, Spain. The substrate was 
misoriented (also known as substrate offcut) 1° towards [2  1 1]. The second 
series was grown by Dr. R. Grey at the EPSRC Central Facility for III-V 
Semiconductors at Sheffield. These samples have a substrate misorientation of 2° 
towards [2 1 1]. Figure 6.1 is a schematic diagram to illustrate the 
crystallography of the < 111 > samples indicating the two offcuts used.
Figure 6. 2 shows schematically the sample structures. The UPM samples had 
varying layer thicknesses and In compositions (shown as sample i). These 
samples were grown primarily to investigate the relaxation behaviour of layers in 
this orientation compared to similar samples grown in the <001 > direction (tliese 
samples have been discussed previously in Section 4.2).
The Sheffield samples (iia and iib) had eitlier fixed composition and varying 
tliickness or vice versa. The first set of samples was, as with tlie UPM samples, 
used for relaxation behaviour determination whereas the second set was grown to 
determine the effect of In concentration on growth quality and relaxation.
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10 0 1]
[2 1 1]
Figure 6.1 Schematic diagram showing the two substrate 
misorientations (offcuts) used for the UPM and Sheffield samples.
X (varied) 
h (varied)
lia.
Ih (varied) X = 25%
iib.
* 150nm 
(varied)
Figure 6. 2 Schematic diagrams showing the three types of sample;
i. UPM samples (both thickness and composition varied),
iia. Sheffield samples (thickness varied, composition constant),
iib. Sheffield samples (constant thickness, composition varied).
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6.2 Samples Grown 1° Towards [ 2 1 1 ]
These samples were grown in tandem with (001) samples (see Section 4.2) which 
have common sample identification numbers, the only difference being the suffix. 
For these samples B is used to indicate that the substrate is < 111 > oriented. 
The growth temperature was T, = 500° C. Table 6. 1 shows the nominal 
sample details and results.
Sample
Number
Nominal
Thickness
(nm)
Nominal In 
Content (%)
In Content 
(%)
%
Relaxation Cr
m i B 93 10 13 18 0.00757
#263B 582 10 15 51 0.00521
#264B 349 10 13 13 0.00803
m s B 175 10 13.5 10.5 0.00857
#266B 46.5 20 22.5 5 0.01507
m i B 291 20 19.25 30 0.00952
m s B 174.5 20 21.5 10 0.01365
#269B 87.5 20 21.5 8 0.01396
#350B 465 10 12 8 0.00759
m i B 400 20 17.4 47 0.00675
#368B 815 10 13.5 68 0.00330
#369B 62 15 19 6.5 0.01256
#370B 42 25 16.5 11 0.01038
Table 6. 1 Results for the samples calculated from rocking curve data.
The results are plotted in Figure 6.3. The dashed line represents the relaxation 
curve for good quality (001) samples. As can be seen the samples show the same 
Idnd of relaxation behaviour as (001) samples but quantitatively different. The 
results indicate that (111) samples may have a greater relaxation critical thickness.
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her, than (001) samples, in agreement with Sacedon et a f . The two main series 
of samples (the 10 and 20 % In samples) even show behaviour consistent with the 
onset of relaxation occurr ing sooner for the higher In content samples as observed 
for (001) samples.
0.1
I1 0.01
0.001
-
-
O
^ A . A»Nominal % In
4  10 20 
f  25 ^  15
<0
-1 1 L  . . . . .  . 1 , ...J , 1-----1______ 1 . .  I A 110 100
Layer Thickness (nm)
1000
Figure 6.3 Strain-thickness plot showing the relaxation behaviour of the 
UPM samples compared to die relaxation curve for good quality (001) 
samples. As can be seen the 20 % In samples start to relax sooner than 
the 10 % In samples, consistent with the (001) relaxation theory.
6.3 Samples grown 2° Towards [2 1 1]
These samples all had a GaAs buffer grown before the ternary layers were 
dpeosited. The layer growth temperature was 535 °C. The nominal sample details 
and results for the Sheffield samples, are shown in Table 6. Z . To avoid any 
systematic growth errors the various thiclmesses were grown non-sequentially, i.e. 
the samples of constant composition were not grown with increasing layer
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thickness. For convenience though, they are tabulated sequentially with either 
increasing layer thickness or increasing In composition.
layer thickness values are included (from cross- section TEM measurements 
courtesy of Dr. S. P. Edirisinghe, Imperial College of Science, Technology and 
Medicine, London).
The results for the samples are plotted in Figure 6.4- .
Sample
Number Thickness(nm)*
Nominal In 
Content 
(%)
In Content 
(%)
%
Relaxation Cr
RMB970 70 25 26.5 + 3 55 ± 1.25 0.0084
RMB965 99 25 27 ± 3 43.75 + 2.5 0.0107
RMB967 138 25 26.5 ± 3 56 ± 1.75 0.0082
RMB966 295 25 28.5 ± 3 75 ± 1.5 0.0050
RMB973 140 5 4.8 ±  0.2 0 ± 0 0.0034
RMB976 127 10 10.3 ± 1.25 54.8 ± 1.22 0.0033
RMB974 141 20 28.2 ± 1 27.8 ± 0.6 0.0143
Table 6.2 Results for the Sheffield samples (substrates having a 2° 
misorientation towards [211]) calculated from rocking curve data (* ±  5 nm).
From Figure 6.4 the samples show relaxation similar to that of (001) material 
lying close to the curve. The lower composition samples are more widely 
scattered about the curve. Edirisinghe et have studied these samples using 
TEM and found that the growth quality is progessively worse (greater numbers of 
dislocations and twins present in the layers) as the In composition increases.
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Figure 6 . ^  Relaxation behaviour of the Sheffield samples. The 
relaxation is much closer to that of good quality (001) material (the dashed 
line) than that shown by the UPM samples.
6.4 Summary
From the two data sets from UPM and from Sheffield there appears to be 
conflicting evidence for a (111) relaxation curve. Figme 6.5 shows both sets of 
data plotted against the (001) relaxation curve (dashed line). It is apparent that 
although the relaxation behaviour for samples in the < 111 > orientation is similar 
to that of <001 > , they have a different relaxation coefleicient (not 0.84 nm as 
in Equation 4.5). It now becomes necessary to investigate the (111) critical 
thickness in more detail.
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Figure 6.5 The samples from both growth laboratories plotted against the 
(001) relaxation curve (given by Equation 4,5). The relaxation for 
< 111 > samples is clearly quantitatively different from that of <001 > 
samples. The critical thickness for the < 111 > orientation is investigated in the next section.
The (111) critical thickness in terms of (the (001) relaxation critical 
thickness )is discussed in the next section.
6.5 (111) Critical TMcImess
In the (001) case, is proportional to and notliing in that theory suggests that 
orientation changes anything. Therefore to help with understanding the difference 
in relaxation behaviour between the two sets of < 111 > oriented samples and the 
deviation from the (001) empirical relaxation curve shown by both it will be 
helpful to determine the critical tliicloiess for this orientation. The simplest 
method, and the one used here, is to identify the most appropriate modification 
to existing (001) theory in order to derive a factor multiplying the (001) critical 
thiclmess.
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It was proposed by Matthews^ that the equilibrium critical thickness can be defined 
and calculated by considering whether a misfit dislocation, which threads to and 
terminates at the sample surface, will shorten or lengthen by glide under the strain 
field of the layer. This can be done using either force or energy considerations. 
Until recently the most common approach was to calculate the self-energy of a 
misfit dislocation, E^ is, and the strain relief energy, due to its presence (both 
are functions of thickness) and then equate the two in order to obtain an equation 
for the critical thickness. More recently the problem has been solved more 
rigorously without separating the two energies^®’".
Here the older technique is sufficient and so the critical thickness is calculated by 
equating the two energies E^ ^^  and E .^ Fitzgerald^^ gives these as
c ' G b^{l~vœ s^a) .
=  M i - v )  ^
yh (6 .1)
where y is a factor of the order of unity, is the strain-relieving component of 
the Bmgers vector b. M is the biaxial equivalent of the Young’s modulus, G is the 
shear modulus, a is the angle between the Burgers vector and the dislocation line, 
h is layer thickness, Vq the dislocation core radius, a is the stress and cq the strain.
In an isotropic elastic medium the problem is independent of the growth 
orientation. Crystallographic considerations introduce geometric factors between 
b and b,. in Equation 6. ,2 and this leads to critical thickness varying with 
orientation according to the relationship between the slip systems and the growth 
plane. Also the usual T<j semiconductors have significantly anisotropic elasticity 
which has been ignored or included in various ways. Fitzgerald^  ^gives solutions 
for the isotropic case (Equation 6. 1) and for the anisotropic case where the
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biaxial Young’s modulus, M — g/cq used in Equation 6. 2, has a larger 
numerical value than that derived from the shear modulus G and Poisson's ratio 
V in the isotropic approximation. Shintani and Fujita^  ^calculated the self-energy 
of a dislocation in an anistropic medium and used it in Equation 6. 1 while 
Gosling^ '* gave a rigorous calculation for (001) Si:Ge. All these authors found that 
including elastic anisotropy increases (001) critical thickness by about 30%. For 
the (111) system, Anan et al}^ and Calle et al.^ substituted the {111} values of 
M, G and v in both Equation 6. 1 and Equation 6. 2, which together with the 
changed geometrical factor (b/b) gave a factor of three increase in critical 
thickness.
The usual misfit dislocation which is considered for the T^  semiconductors is the 
101 >60° dislocation which glides on {111} planes. The misfit-relieving 
component of its Burgers vector, to be used in Equation 6. 2, is the projection 
of b onto a line in the interface at right angles to the dislocation. Figures 6. à  a 
and 6 .6  b show schematically the slip system geometry for both (001) and (111) 
growth. Misfit dislocations lie along the intersection of the glide plane and the 
interface plane; in (001) growth a dislocation with b in the [101] lies along [110] 
and the normal in the interface is [1 lO].
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m
y.
Figure 6.. h  a The geometry of the slip system shown for (001) growth.
The growth plane is high-lighted in grey shading. The intersection with 
the (11 1) glide plane locates the dislocation along [1 10]. The Burgers 
vector, b, is parallel to [101] and resolves into screw and edge components 
(j and e respectively). The misfit-relieving component, m, (equivalent to 
is the projection of both b and e onto the [110] direction.
m
y
Figure 6. 6  b The geometry of the slip system for the (111) orientation.
The misfit-relieving component, m, {b^ } is the projection onto the [11 2] 
direction.
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Consequently for all four {111} glide planes the projection for is
b_ - \ o ,  1 1 1 b = - b  2
3)
If the growth plane is moved through a small angle away from (001) towards 
(111), the only effect is that the projection of the dislocations on the (111) glide 
plane increases, the dislocation becomes more efficient and critical thickness 
decreases. However, the dislocations on the (11 1), (1 11) and ( 111) planes 
become less efficient and so critical thickness becomes anisotropic. As the growth 
direction is moved further from (001), the biaxial modulus also becomes 
anisotropic and a full calculation becomes quite elaborate.
For growth sufficiently close to the (111) plane, the dislocation which is becoming 
more efficient ceases to be able to glide to the interface as the glide plane 
approaches parallelism with the growth plane. The other three {111} planes 
approach equivalence and at the {111} orientation the biaxial modulus becomes 
isotropic. The dislocations again lie along the three <110> directions in the 
(111) growth plane and the in-plane normal to the [1 10] direction is [112]. The 
projection of the [101] Burgers vector of the dislocation which can glide in the 
(11 1) onto the [11 2] direction is thus
1 1 (6. 4)
Putting this factor into Equation 6. 2 increases critical thickness to V3 times the 
(001) value, in agreement with Anan et al}^ and Calle et al.^ However, the 
biaxial modulus in the {111} planes is given by
(6.. 5)
"in Cii + 2Cj2 +
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which is much larger than the {001} value of
2^2 (6. 6)
Mqqi = Cjj + Cj2 -  — — = 123 GPa 
1^1
(the numerical values are for GaAs). The increase in M largely offsets the 
decrease in b^ , so that for GaAs the final factor decreasing the strain energy of 
Equation 6. 1 is
e ; -  .  1 .  . .  ”
^001 ^  M,001
The two factors entering into Equation 6.. 7 are thus the effect of orientation on 
the slip systems, through Equation 6. 1, and the effect of anisotropic elasticity 
through Equation 6. 2. It is not appropriate to introduce a third factor by 
modifying the parameters of Equation 6. 1 for anisotropic elasticity when 
considering off-{001} growth. This is because Equation 6.. .1 is anyway the 
isotropic approximation to the dislocation energy. It is obtained by assuming that 
the dislocation lies at the centre of a cylinder of material of radius h, so that the 
orientation of the free surface is not included in the calculation. Most of lies 
close to the core (as seen in the logarithmic increase of energy with radius) where 
the strain fields are nearly independent of the free surface. If Equation 6.. 1 is 
a reasonable approximation for the {001} case it is equally reasonable for the 
{111} case. It would be completely inappropriate to substitute the {111} values 
of G and v, since the values used in Equation 6. 1 are not specific to the {001} 
orientation of the free surface. Therefore the factors of Equation 6.. 7 are the 
only modifications that should be made to the Matthews equation to obtain the 
{111} critical thickness in terms of the {001} value. More precisely, because of 
the logarithmic term in Equation 6. 1, these are the factors for the critical strain 
for a given thickness rather tlian the critical thickness for a given strain. Equating 
the expressions of Equations 6. 1 and 6. .2, and solving for the critical strain.
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^ooi_Gooifc^a-VooiCOS^«)j^
Ul_Gooii’^(l-VroiCOs2“) ,„
yh
fo
yh
0^ 1.236^ (6" 8)
6.6 An Empirical (111) Relaxation Law
It has shown^ ® that the relaxation of (001) layers grown on large area substrates 
follows a simple relationship where
_ k  (4 '6 0
The value of k has been found to be 0.84 nm ± 0.2 nm. This relationship has 
been shown to be true for high quality growth only^ .^ For relaxation a 
dislocation multiplication mechanism is needed^  ^ and will occur at a simple 
multiple of the Matthews critical thickness he
hT-nhf"  fsL)
where h^ r is the relaxation critical thickness. The value of n varies according to 
the dislocation multiplication mechanism assumed to be dominant, but may be 
taken to lie in the range 5 - 10*^ .
In this perspective, kinetic constraints can be excluded. Glide can happen readily 
at growth temperatures while climb only occurs at temperatures significantly 
higher tlian those during growth (700-800°C whereas most growth is in the region 
SOO-ôSO'^ C). From this it is apparent that there will be no significant change in 
relaxation over a wide range of growth temperatures nor with other growth 
conditions.
To predict k theoretically thus requires an accurate estimate of he and of the
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simple multiple n. Using Equations 6. 8 and is all that is needed here.
If the relaxation of <111> oriented material is determined by the same 
considerations as <001 > , i.e.
^ m  ^ (6. i  W
and if can be expressed in terms of
then
A :" = = n m h r  = ^  (nm)
From Section 6.5, m has been derived as being 1.23.
From this value it is possible to plot the < 111 > sample data against an empirical 
relaxation curve for < 111 > growth. The equation of the line now becomes
_ 1.03 (6. ID)
h
similar to Equation 4. 2. Figure 6., y  Aows both sets of results plotted against 
the new empirical relaxation curve. The SftffitlcL samples show much closer 
agreement with this curve than the O M  samples.
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Figure 6. y  The < 111 > relaxation data plotted against the calculated 
critical thickness for the {111} orientations. The Sheffield samples show 
much closer agreement to the predicted curve than the UPM samples.
6.7 An Experimental Versus Tlie Theoretical Value
From the above calculation, it has been shown that the value of k for samples 
grown in the < 111 > orientation is 1.23 times that for <001 > growth. As with 
the (001) data it is of interest to determine whether the experimental values of k 
(the strain - tliickness product) agree with the theoretical value. To achieve this 
the average value of k for each data set is calculated and then a significance test 
is performed, again using the null hypothesis that the experimental results are not 
subject to systematic error.
Using the same method as described in Section 4.8 a value for |t| for each data 
set is calculated using
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t (x - iJb)yfnls {U^3)
and 6. 4- show the data for the UPM and Sheffield samplesTables 6. S  
respectively.
Layer Thickness 
(nm) Cf k (nm)
93 0.0076 0.7040
582 0.0052 3.0322
349 0.0080 2.8025
175 0.0086 1.4998
46.5 0.0151 0.7008
291 0.0095 2.7703
174.5 0.0137 2.3819
87.5 0.0140 1.2215
465 0.0076 3.5294
400 0.0068 2.7000
815 0.0033 2.6895
62 0.0126 0.7787
42 0,0104 0.4360
Average value of k 1.9420
Standard deviation o-„.i 1.0751
Table 6 .3  0 ^ / '^  data used to determine a value of
Layer Thickness 
(nm) Cr k (nm)
70 0.0084 0.5880
99 0.0107 1.0593
127 0.0033 0.4191
138 0.0082 1.1316
140 0.0034 1.1316
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Table 6.4-
141 0.0143 2.0163
295 0.0050 1.4750
Average value of k 1.1173
Standard deviation Un-i 0.5335
used to determine a value of
For the samples, with a sample size of 13 (12 degrees of freedom) and a
significance level of 0.01 (P == 1%), the critical value of |t| is 3.05 (from 
tables^ .^ From Equation L| « s ,  |t| = 3.17, above the critical value. Therefore 
systematic errors are present and the null hypothesis is rejected for this data set.
This can be interpreted in terms of sample growth quality. It is known"^  that the 
growth conditions for < 111 > need to be very well controlled for good quality 
samples. The ' samples were grown using (001) conditions which lead to a 
poor sample quality compared to those grown under optimum < 111 > conditions.
For samples, |t| = 0.1659, below a critical value of 3.7F^ (6 degrees
of freedom and P = 1%). The null hypothesis is accepted and only random 
errors are present. These samples, in terms of growth, may be considered to be 
good in terms of growth quality. Indeed, four samples show very good agreement 
indeed. Even in (001) growth with a much wider growth window and much more 
growth experience at best only approximately 50% of samples obey Equation
4.
6.8 Summary
By equating two energies and and modifying existing (001) theory a factor 
multiplying the (001) critical thickness has been calculated to give the critical 
thickness (or rather the critical strain at a given thickness) for the (111)
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orientation. This value has been found to be
111 _ 1 (6.d )1.23 e;
When the experimental data from Section 6.2 and 6.3 are plotted against this new 
curve good agreement is shown by samples. The samples,
however do not agree well.
The data have also been compared to the value. Again, thej% ^^sam ples 
are not significantly different from this value. The other samples are not though. 
This implies that systematic errors are present. This may be explained by the 
crystal quality due to the growth conditions used. Growth in the <111> 
orientation is highly dependent on the optimum growth conditions'  ^ and any 
deviation from these conditions will lead to poor quality samples.
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Chapter 7
Layer - Barrier Strain Decoupling in 
MQW-type Structures
Layer-Barrier Strain Decoupling
7.1 Introduction
The relaxation behaviour of single layer structures is sufficiently well understood 
that the next step is to investigate relaxation of more complicated structures. A 
key question for multi-quantum well (MQW) structures is the way in which 
unstrained barrier regions affect the overall critical thickness constraints leading 
to relaxation of the whole structure.
In a MQW structure the strained layer needs to be thin, not only to be belowdesiredbut also for quantum effects to give the electronic properties. However, one 
thin layer may not provide a large enough active region so many thin (quantum 
well) layers are commonly used. This leads to important considerations in device 
design;
(i) the wells may need to be electronically separated - defining and requiring a 
minimum barrier width and,
(ii) if the wells collectively exceed they may need to be mechanically separated. 
This defines and requires a minimum barrier widtli with respect to strain 
relaxation.
The barrier width for electronic separation of layers has been investigated and 
studied^ Mechanical separation of layers however, is still poorly understood. 
Structures tend to be designed on the basis of the electronic separation and grown 
to the maximum number of repeats before they fail. This work is aimed at studying 
the mechanical separation of layers in more detail.
It is desirable to determine the critical barrier thickness, dc, below which the 
strained layers can couple and act as one much larger single layer, hence their 
relaxation behaviour will no longer be a simple function of their individual 
thicknesses. They may relax according to Equation 4. 2. This is of importance 
for the design of such structures as at present only those structures which have 
been grown and shown from experience to work are commonly used. Once the
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critical thickness of such a barrier has been determined then more complex 
structures can be designed using many more strained wells and barriers.
MQW devices are sensitive to two types of degradation;
(i) isolated dislocations in the active (strained) layers which can act as diffusion 
routes and sites for non-radiative recombination. These tend to occur for thin 
layers above the Matthews and Blakeslee^ critical thickness and can, hence, be 
accounted for  ^ and,
(ii) lattice relaxation above h^ r where there are sufficient numbers of dislocations 
to relax the strain in the layer as a whole. The presence of these dislocations not 
only degrades the device as for (i) but also changes the band structures and hence 
the electronic properties of the device.
Whilst (i) may be observed in TEM or PL the best way to get quantitative 
information about the strain relaxation behaviour (ii) is to bring two strained 
layers into close proximity with each other using thin barriers.
7.2 Theory
The investigation was based around the following considerations:
For a simple structure consisting of two strained layers separated by an 
unstrained barrier {d), if there exists, for example, a Frank - Read dislocation loop 
source, shown schematically in Figure 7. 1, then the loop will not be completed 
unless it is energetically favourable for the two "tails" of the developing loop to 
cross the unstrained barrier.
7.2
Layer-Barrier Strain Decoupling
h.
Figure 7 1 Schematic diagram of a Frank-Read type dislocation loop
source in a bilayer sample. The loop will not be completed unless it is 
energetically favourable for the two tails to move through the unstrained 
barrier,
The net force, F, on either tail of the dislocation at the interface between the top 
layer and the barrier, in terms of attraction and repulsion to other dislocations, and 
neglecting free surface considerations is given by (for example see )^
_ /  /  1F  oc — -  —   --------------------a hy,. a + hy
If the free surface is considered then the dislocation ends would terminate at this 
surface, and the number of terms in Equation 7.1 would be increased due to image 
dislocations.
F = 0 for the critical barrier thickness, d .^ Solving for the positive solution is
0 .2}
From Equation 7.2 the critical barrier thickness for strained layer decoupling is
0.62 ( e.g. for samples with = 50 nm then a barrier > 31 nm is sufficient
7.3
Layer-Barrier Strain Decoupling
to prevent strained layer coupling and hence significant relaxation).
By considering other dislocation sources (e.g. spiral sources) different results may 
be obtained, however the Frank-Read source chosen here is easily understood and 
it is sufficient for this investigation.
7.3 Samples
The simplest type of structure to investigate is a bilayer structure where the 
strained layers are separated by an unstrained barrier. Figure 7. 2 shows 
schematically such a structure. The strained regions, are In^Ga .^^As (where 
X is nominally 15% and the thickness is 50 nm) and the barrier, d, is GaAs.
h^ (constant)
d (varied)
h^ (constant) 
substrate
Figure 7. Z Schematic diagram of the bilayer sample geometry. In all
the samples was kept constant and d was varied.
A series of 5 samples was grown (by solid source MBE) by Dr. R. Grey at the 
EPSRC Central Facility for III-V semiconductors at Sheffield to test this simple 
theory. The samples were grown on < 111 > oriented substrates with a 
misorientation of 2° towards [2 1 1]. The sample details are shown in Table 
7. 1.
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Sample Number GaAs Barrier Thickness (nm)
Well Thickness 
& In composition
RM1094 150
hw (um) = 50 
x(%) = 15 (nominal)
RM1092 75
RM 1096 37.5
RM1132 10
RM1133 0 Single 100 nm layer
Table 7. 1 Nominal sample details for the bilayer structures.
Although the relaxation measured is a result of many dislocations in the structure, 
(more than would be permitted in a device due to degradation of its performanc^ 
it is still possible to obtain information about the critical thickness, hç., from the 
relaxation critical thickness, h^ r- As previously discussed for significant relaxation 
to occur, dislocation multiplication is needed' .^ It has been shown that the layer 
needs to be a certain integer times the critical thickness, to allow for 
dislocation multiplication mechanisms to occur. It is for this reason that the 
strained layers are large (larger than conventional quantum wells).
7.4 Results
As with the single layers, symmetric and asymmetric rocking curves were obtained 
for each of the samples. Further discussion of the experimental rocking curves, 
compared to simulations, is given in Appendix C. From the substrate-layer pealc 
splittings the average composition and relaxation were calculated. The results are 
shown in Table 7 Z . The average residual strain versus barrier thickness is 
plotted in Figure 7. 3
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SnmpSe Number In Content (%) % Relaxation «r
RM1094 15.7 12 0.009787
RM1092 15.25 12.25 0.009483
RM1096 15.75 14.75 0.009511
RM1132 15 20 0.008589
RM1133 15 22 0.008292
7 .1  Results for the bilayer - barrier samples.
0.01
BJ
ÎI 0.009! 0,62
0.008 0 100 
Barrier Thickness (nin)
150 200
7 .3  Residual strain versus barrier tliicloiess for the bilayer 
samples. The value of is in very good agreement with that predicted 
by Equation 7.2 (shown by the dashed line) where ~  0.62
From Figure 7. 3  there is a clear change in relaxation behaviour wliich defines 
an experimental d .^ This is in very good agreement with the predicted value of 
dg from Equation 7.2.
Although there is a significant change in the amount of relaxation in agreement
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with the theory all the samples showed some relaxation and in the cases of the 
samples with d > d^ . this is not predicted and remains unexplained. However, 
unlike conventional MQW designs the samples here have thick layers (50 nm as 
opposed to more typical quantum well thicknesses in the order of 10 nm). It is 
possible that some relaxation might occur since the growth and its control of the 
<111> oriented samples is not as predictable as current growth on <001 > 
substrates.
7.5 Conclusions
A simple theory predicting the critical unstrained barrier thickness needed to 
decouple strained layers thus preventing strain relaxation to occur has been 
developed.
By considering a simple bilayer structure with an unstrained barrier, the theory
predicts that relaxation will not occur until the barrier thickness, d, is equal or
less than 0.62 (the well thickness). From rocking curve analysis of a series of good.samples agreement has been observed with the theory.
Hiis is important for the design of MQW type structures as it implies that greater 
thicknesses of active barrier-well regions may be grown before the strain-thickness 
product is such that degradation of the region due to relaxation occurs. This 
promising start suggests that further work would be fruitful but it is not clear what 
approach would be best (whether to increase the number of strained "well" layers 
or use different strains in the layers).
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Chapter 8
Suggestions for Further Work
Further Work
8.1 Introduction
The work in this thesis, although complete in its own right, does offer a number 
of options for further research looking at the strain relaxation behaviour of 
semiconductor structures.
8.2 Surface Striations
As stated in Section 3.3 there appears to be a maximum striation height regardless 
of layer thickness. The results presented here show that this is 20 nm. It would 
be of interest to determine whether there actually is a maximum height and if so 
the exact value of it. What this means in terms of layer relaxation show also be 
investigated.
Due to the small number of samples available, it would be beneficial to study 
more graded layer smaples, bilayer samples and <111> oriented samples. It 
might also be interesting to study the surface morphology of the MQW-type 
structures studied in Chapter 7.
8.3 (001) Relaxation Behaviour
The relaxation behaviour of good quality In^ ^Ga^ ^^ As/GaAs single layer samples has 
been sufficiently studied. The relaxation behaviour has shown to be predictable. 
Any new research in this area might concentrate on samples grown by techniques 
other than MBE. More CBE and ALE samples could be studied as well as 
samples from other types of growth such as vapour phase epitaxy (also known as 
chemical vapour deposition).
Although the work presented in Chapter 5 has started to look at how other
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semiconductor systems behave compared to the empirical relaxation law (described 
by Equation 4. 2) there is much more data in the literature than could have 
possibly been studied here. Further data sets could be analysed to determine 
whether the law holds true for all semiconductors.
8.4 (111) Relaxation Behaviour
The growth and study of more high quality samples is the obvious suggestion for 
further work in this area. The relaxation behaviour of single layer samples should 
be compared to the relaxation law determined from critical thickness 
considerations and the (001) relaxation law.
8.5 Relaxation of MQW-type Structures
As stated in Section 7.5 further work is recommended although there are a number 
of variables to consider. The theory could be expanded to include more layers 
and barriers. The experimental samples could also be grown with more layers and 
barriers. It would be of interest to study samples having different well 
compositions (strains) or different thicknesses.
The samples studied in Chapter 7 were grown in the < 111 > orientation so it 
might be appropriate to study samples grown in the <001 > orientation to check 
that the theory is indeed purely geometric based entirely on well-barrier thickness 
and independent of sample orientation.
8.2
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A.l Derivation of Equation 2. 7 For (001) Tetragonal Distortion
From Section 2.3.2.1 it is known that the relationship between the relaxed cubic 
unit cell parameter, a,, and the (distorted) tetragonal cell parameters, and c, is
2v
1 + V
(A.l)
where u is Poisson’s ratio.
This is shown schematically in Figure A.l.
cubic
elastic
distortion
a.
tetragonal
t
Figure A .l Schematic diagram showing the tetragonal distortion of a 
cubic unit cell.
Equation A. 1 is derived from the relationships between strain, stress and elastic 
compliance. From elastic theory
€. = s.a. (A.2)
where € is the strain, a the stress and s the elastic compliance.
The non-zero stresses are Ui and Oi so that
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(A.3a) 
(A.3b) 
(A.3c)
However, from symmetry, ej = €2 = e and Ui = 0-2 == u so that Equations (A.3a- 
c) now become
^2 ~  " ^ 12^1  * ^11^2
^3 ~  ■^12^1  ■^12^2
Also,
^ = (•'u + ^12) "
e =
(A.4a)
(A.4b)
(A.5a)
(A.5b)
and
[001] '1 2
’11
(A.5c)
By rearranging Equations (A.4a-b) and (A.5a-b) and eliminating a Equation (A. 1) 
can be derived thus.
-  «/)
(*^11 '*■ '^ 12) a, 2s12
(A. 6)
2 * 1 2 (« , -  « / )  =  (■*11 + *12) ( c ,  +  « i )
2 '*i2« ,  -  (■*11 + ^12)^1 = [ 2 '*i2 -  (*11 + ^ i2) ] « ;
Ut — (■^11 ‘*^12)^/
*^12 ■^11
(A.7)
(A.8)
(A.9)
A.2
Substituting Equation (A.5c) into Equation (A. 14) gives
Equation (A. 15) is the same as Equation (A.l).
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*^12 •^11
(A. 10)
a
^ ■ ^ 12 “  “  ^*^12 “  *^ 11 *^ 12
S^ 2 *^11
(A. 11)
2s12
1 +
/ \ 
^ - 1
____
■^12 *^11
(A. 12)
1 + -  C , |
■^ 12 “  "^ 11 1
(A. 13)
2s12
1 + '11
'12
'11
(A. 14)
tti - 1 + -2v
/  \
V -1 \ /
(A. 15)
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Peak Splitting Tables Generated From Simulated Rocking Curves
The following tables have been calculated from rocking curves simulated using the 
Bede RADS software, as described in section (4.7). For each reflection (004, 
115H and 115L) a fully strained and a fully relaxed layer rocking curve were 
simulated. The peak splittings were then calculated by linear interpolation 
between the two extreme cases.
Only peak splitting values for compositions 0.1 < % < 0.5 are shown here (as 
most InxGai.xAs single layers grown on GaAs used for strain investigations are 
grown between these compositions).
The first table is for the (004) reflection, the second for (115)H and the third for 
(115)L.
Table 1
(004) Reflection
Table 1
(004) Reflection
Table 1
(004) Reflection
Table 1
(004) Reflection
Table 2
(115)H Reflection
Table 2
(115)H Reflection
Table 2
(115)H Reflection
Table 2
(115)H Reflection
Table 3
(115)L Reflection
Table 3
(115)L Reflection
Table 3
(115)L Reflection
Table 3
(115)L Reflection
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C .l Introduction
Although the relaxation behaviour of the samples presented in Chapter 7 shows 
excellent agreement with the predicted theory in terms of the average residual 
strain calculated, it does not reveal how the individual layers are behaving relative 
to each otlier. It is of interest to try and determine how the individual layers 
behave.
It is possible to model the relaxation behaviour of similar nominal structures using 
the commercially available Bede RADS software. The simulated structures differ 
from the experimental samples as the software only allows the <001 > orientation 
to be used. However, the experimental samples were grown to test a purely 
geometrical theory which did not rely on any sample orientation effects.
C.2 Simulations of Relaxed Single Layers
Wlien a simulated single layer rocking curve is relaxed there is no overall change 
in the peak shape. This is due to the current commercial software not accounting 
for peak broadening due to dislocations. Figure C. 1 shows three simulated 
symmetric (004) reflection rocking curves for a single 100 nm thick layer, 15 % 
In sample (fully strained, 50 % relaxed and fully relaxed). The substrate peak 
remains unchanged and while the layer peak position changes no other changes are 
observed.
The simulation software relaxes a layer by assuming a linear tetragonal 
relationship between the fully strained and fully relaxed unit cells. For real 
samples dislocations which cause relaxation lead to a broadening of the rocking 
curve. There is also a loss of fine detail (for example the interference or 
"Pendellosung" fringes will not be easily observed).
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unrelaxed 
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100% relaxed
I
8
-3000 -2000 -1000 0 1000
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Figure C. 1 Simulated rocking curves for a 100 nm In^Ga .^^As layer 
where x = 0.15.
C.3 The Experimental Symmetric Rocking Curves
Figure C. 2 shows a symmetric reflection rocking curve for each bilayer sample. 
As can be seen, experimental noise and a slight amount of relaxation (see Section 
7. ) has lead to a reduction in the fine fringe detail. However, there is still a lot 
of information which may be gained from the rocking curve shape.
The slight shift in average peak position shows that the average residual strain 
decreases as the barrier layer decreases.
The nominal unstrained structures for the strained layer - barrier have been 
simulated and are shown in Figure C.3.
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IIi
0 nm barrier (100 nm single layer)
10 nm barrier
37.5 nm barrier
75 nm barrier 
150 nm barrier
-3000 -2000 -1000 0 1000
position (arcseconds)
Figure C. Z. Experimental symmetric reflection rocldng curves for the 
strained layer - barrier samples.
1i
•I
10 nm barrier10^
37.5 nm barrier
75 nm barrier
150 nm barrier
10000•2000 -1000-3000
position (arcseconds)
Figure C.3 Simulated symmetric reflection rocldng curves for the 
nominal strained layer - barrier sample structures.
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Comparing Figures C. Z  and C.3 it is clear that although there is a loss in fine 
detail in the experimental rocking curves the overall shapes of the curves (which 
is dependent upon the geometry of the samples, not the growth orientation) 
correspond very well. The layer peaks for the 75 , 37.5 and 10 nm barrier 
samples show interference fringes which can be measured and compared to the 
simulated rocking curves. The experimental noise is such that these fringes are 
not resolved for the 150 nm barrier sample. Although there is some difference 
in the absolute fringe positions it must be remembered that there is an orientation 
difference which will give a difference in position but this does not affect the 
fringe spacings as seen from Table C. 1.
Figures C. 4- and C. 5  ^ show the experimental and simulated rocking curves with 
the fringes indicated.
Nominal
Barrier
Thickness
(nm)
Fringe Position (arcseconds) Average fringe spacing 
(arcseconds)
Experiment Simulation Experiment Simulation
75
-2988 (1) 
-2837 (2) 
-2713 (3) 
-2551 (4)
-2880 (1) 
-2720 (2) 
-2580 (3) 
-2440 (4)
146 147
37.5 -2720 (1) 
-2539 (2)
-2820 (1) 
-2620 (2) 181 200
10 -2599 (1) 
-2329 (2)
-2840 (1) 
-2580 (2)
270 260
Table C .1 Comparing fringe spacings for the experimental and simulated 
rocking curves (the numbers in brackets refer to the numbered fringes in Figures
C. f  andC. 5 ').
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10“
I  Itf^
I ^8  l(fI 8 10“
1 ,
/ V \ 10 nm barrier
ii\ - " m
• / '  \ . iA V v  1 1 >V| JYWy4W«r' il 37,5 nm barrier
' 75 nm barrier
-3000 -2000 -1000 0 1000
position (arcseconds)
re C. ^  Experimental rocldng curves with the measured peak 
fringes indicated.
10 nm barrier
'S
I 37.5 nm barrier
75 nm barrier
1000-3000 -2000 -1000 0
position (arcseconds)
Figure C.- 5" Simulated rocldng curves with the measured layer peak 
fringes indicated.
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Visually comparing the simulated rocking curves with the experimental rocking 
curves the overall peak profiles are similar with the exception of the 37.5 nm 
sample. The experimental layer peak fringes are reversed compared to the 
simulation; that is, for the experiment rocking curve, the intensity of the one 
furthest from the substrate peak is greater than the nearest. This is different from 
the simulation. This is clearly seen from Figure C. _ &
10*^
s :
1 w
E
-
11 ■8 10\
-w /l/' W\_-y'Wv'V''
simulation
experiment
-3000 -2000 -1000 0 1000
position (arcseconds)
Figure C. 6  The simulated and experimental rocking curves for the 
37.5 nm barrier sample showing how the layer peak fringes differ.
Using the simulation software, good agreement is obtained with the experimental 
rocking curve with the layer peak fringes (the intensity is reversed but the 
separation is still identical; 181" from Table C. 1 compared to 180" for the 
simulation), when the following modified structure is used (shown in Table
C. .2). The simulation also agrees well with the theory with the relaxation being 
in the top layer only (the barrier has separated the layers). Although the layers 
are thicker than the nominal structure the ratio of bottom layer to barrier is 
virtually constant, d/hy^  — 0.76 (simulation) and d/hy„ = 0.75 (nominal 
experimental structure). The ratio of the bottom layer to barrier is above the
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critical barrier thickness (the barrier will decouple layers when d >  0.62 h^ (from 
Section 7.2) and so it is expected that the layers will be strain separated.
Parameter Value Used
hw (nm) (top) 60
% In 15
% Relaxation 15
d (nm) 50
h^v (nm) (bottom) 65
% In 15
% Relaxation 0
Table C. .2 The parameters used to create the simulated rocking curve shown 
in Figure C. 7 .
III
1Q4
simulation
experiment
-3000 -2000 -1000 0
position (arcseconds)
1000
Figure C. 7  The simulated rocking curve using the parameters shown 
in Table C. 2. The layer peak shape now shows improved agreement 
with the corresponding experimental rocking curve (shown also).
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C.4 Conclusions
A series of samples consisting of two strained In^Gai.xAs layers separated by an 
unstrained GaAs barrier has been grown and investigated by DXRD. Using 
commercially available dynamical diffraction simulation software, similar 
structures have been modelled and have been shown to agree well with the 
nominal experimental structures. A more detailed investigation into one of the 
samples has shown that the simple geometric theory of barrier decoupling 
(presented in Chapter 7) agrees well with the barriers remaining strain-decoupled 
above the theoretical critical barrier thickness.
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D. 1 Introduction
There are two basic methods for the determination of the peak position (excluding 
finding the peak position "by eye"). The first is the peak finding routine 
incorporated into the commercial software used to control the diffractometer. Its 
operation is described in Section D.2, The second comes from earlier work 
looking at compositionally graded layer samples.
When a graded layer is grown, the resulting rocking curve may not easily be 
interpreted due to the graded layer peak profile. The layer peak position may not 
readily be found by conventional techniques due to its graded profile. Although 
more modem techniques such as reciprocal space mapping give all the required 
information (see, for example, Kidd et al}), it is possible to use rocking curves 
for the analysis. Lourenco and Dunstan^ have shown that by measuring the 
moments (effectively the centre of gravity) of the peaks gives the position. This 
method has been adapted for use with conventional constant composition strained 
layer samples.
D.2 Commercial Software Peak Determination
The Bede Double Crystal Control (DCC) software for the Bede 150 diffractometer 
has a peak finding subroutine. It identifies all peaks that satisfy a "peak found 
criterion".
The background count is measured. This is the lower of the average of either the 
first or last 10 data points in the curve. All possible peaks are then found relative 
to this. Any peaks which are then found to be insignificant are eliminated. A 
peak is significant if its height (minus its probable error) is greater than the 
adjacent troughs (and their probable errors). The probable error is taken as 3 
standard deviations of the total peak count. The number of standard deviations
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used may be user defined (although 3 is the default value).
D.3 Centre of Gravity Peak Determination
A program, written by Dr. W. P. Gillin (QMW College), has been used which 
determines the centre of gravity of the peaks in a rocking curve between user- 
defined limits. Figure D. 1 shows a typical rocking curve with the limits for the 
two peaks shown.
Once the limits have been defined the integrated moments of each peak (the centre 
layer peak limits substrate peak limits
-1068.1 1730.7' 1850.7' 3410.1'
-1000 0 1000 2000 3000
position (arcseconds)
Figure D. 1 The background limits chosen for the centre of gravity 
peak position determination.
of gravity) is determined. Between the limits, for each peak, the following 
integrals are calculated
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B
J  p (moments)
A
where p is the y-axis data (intensity) and x is the position (arcseconds), and
B (D. 2)
J  p (x) (Ù: (mass)
The integral limits A and B refer to the limits chosen around the peaks.
The centre of gravity is then calculated as being
B
f  p(x).xdx  (D. 3)
B
moments
j  p{x)(h
mass
Figure D. 2 shows the rocking curve from Figure D. 1 with the peak positions 
indicated. There is agreement with the substrate position but there is a large 
difference in the layer peak position. The possible factors giving rise to this 
difference are investigated further in the next sections.
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Figure D. 2 The peak positions obtained by the commercial software 
(DCC) and the centre of gravity (CoG) program.
D.4 The Effect of Counting Time on Peak Determination
Two arbitrarily chosen samples were used for this exercise. Both samples have 
nominally 20 % In and have previously been shown to obey the empirical 
relaxation law. They were both grown by MBE. The first, ME588, is 100 nm 
thick, the second, ME633, is 800 nm.
To see whether the counting time per step during the rocking curve data collection 
affects peak determination a set of 8 identical rocking curves (for each sample a 
symmetric (004) reflection rocking curve was used) was obtained. The counting 
time per step started at 2 seconds and was decreased incrementally until the time 
was 0.01 second per step. Figures D. J  .a-c and Figures D. /j- a-c show the 
rocking curves for ME588 and ME633 respectively (these diagrams are presented 
at the end of this appendix). The signal to noise ratio clearly worsens (gets lower)
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as the counting time decreases. This does affect the peak position determination.
It is desirable to know the best time (the quickest time which still gives acceptable 
results) for data collection. By knowing the shortest time possible for an 
experiment (without loss in precision and accuracy in peak finding) allows the user 
to make efficient use of the instrument in the time available.
Tables D . la and D . lb show the peak splitting values for each sample. The 
peak positions were determined by both methods. For sample ME588, when the 
counting time was low (0.03 and 0.01 seconds per step) DCC was unable to 
determine the layer peak position and as such there is no value for peak splitting.
Scan time per 
step (seconds)
Peak splitting (arcseconds)
DCC CoG
2 - 2 7 1 8 . 9 - 2 6 2 0 . 7 5
1 - 2 6 1 9 - 2 6 2 1 . 9 3
0 . 5 - 2 7 3 8 . 9 - 2 6 3 7 . 0 4
0 . 2 5 - 2 8 5 8 . 9 - 2 6 5 0
0 . 1 2 - 2 2 3 9 . 1 - 2 6 5 8 . 0 4
0 . 0 6 - 2 8 2 9 . 9 - 2 6 3 4 . 2 8
0 . 0 3 - - 2 5 1 4 . 7 9
0 . 0 1 - - 2 5 4 4 . 4 4
X - 2 6 6 7 . 4 5 - 2 6 1 0 . 1 6
O-n-l 2 2 6 . 5 5 5 1 . 8 9
Table D . la  The peak splitting values for sample ME588.
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Scan time per 
step (seconds)
Peak Splitting (arcseconds)
DCC CoG
2 -2199.2 -2196.91
1 -2159.2 -2187.92
0.5 -2239.1 -2183.47
0.25 -2259.1 -2187.25
0.12 -2339.1 -2199.53
0.06 -2119.2 -2150.51
0.03 -2219.1 -2157.42
0.01 -2059.2 -2171.47
X -2199.15 -2205.16
O^n-l 86.81 17.90
Table D .lb  The peak splitting values for ME633.
The peak splitting versus counting time per step is plotted in Figure D. 5".
-2000! ■
^  -2500 aI&1
3000 0.5 0.25 0.12 0.06 0.03 0.01
counting time per step (seconds)
DCC(ME633) — CoG(ME633)  
DCC (ME588) -  CoG(ME588)
Figure D. 5" The peak splitting versus counting time per step for the 
two samples.
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As can be seen there is much less variation in the peak splitting values calculated 
from the pealc positions found using the centre of gravity method. For the thinner 
sample (ME588) the DCC software is unable to give good agreement with the 
peak splitting due to random noise once the counting time is less than 0.5 seconds 
per step. The centre of gravity program starts to show a deviation only at very 
small counting times (starting at 0.06 seconds per step).
A similar result is observed for the thicker sample (ME633).
Figure D. shows that at small counting times (when the signal to noise ratio 
is lower) the centre of gravity method gives the more reliable pealc splitting 
values. The centre of gravity method may be considered to be more accurate than 
the DCC method. To check the precision of the two methods a repeatability of 
results test was performed.
D.5 Check of Consistency in Peak Determination
For both samples three identical rocking curves were obtained (with a counting 
time per step of 1 second). The peak splitting for each rocking curve was then 
found using both methods.
Figures D ^ and D . s h o w  the rocking curves for each sample. Although the 
overall shape and intensity of each curve (for each sample) are similar, the random 
noise is different (as to be expected). This affects the peak position especially 
when the peak splitting is found using the DCC software.
The peak splitting values are shown in Tables D. Z a and D ..2  b.
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Sample Peak Splitting (arcseconds)
DCC CoG
M E 5 8 8 . X 0 9 - 2 5 9 9 - 2 5 6 0 . 6 1 8
M E 5 8 8 . X 1 0 - 2 5 7 9 - 2 5 7 9 . 7 7 2
M E 5 8 8 . X 1 1 - 2 8 7 8 . 9 - 2 5 9 1 . 6 4
X - 2 6 8 5 . 6 3 - 2 5 7 7 . 3 4
1 6 7 . 6 7 1 5 .6 5
Table D. % a The peak splitting values for the three identical rocking curves 
from sample ME588.
Sample Peak Splitting (arcseconds)
DCC CoG
M E 6 3 3 . X 0 9 - 2 2 5 9 . 1 - 2 2 0 5 . 1 5
M E 6 3 3 . X 1 0 - 2 2 3 9 . 1 - 2 1 9 3 . 7 7 7
M E 6 3 3 . X 1 1 - 2 1 5 9 . 2 - 2 2 1 4 . 1 7 4
X - 2 2 1 9 . 1 3 - 2 2 0 4 . 3 7
O^ n-l 5 2 . 8 6 1 0 . 2 2
Table D .X  b The peak splitting values for the three identical rocking curves 
from sample ME633.
It is clear from the values of the standard deviation for the three peak splitting 
determinations that the centre of gravity method is much better (more precise) than 
the DCC method. The DCC software is influenced by random noise spike. This 
is clearly seen in Figure D. ^  where an arrow indicates such a spike which the 
software puts as being the peak position.
From this evidence the more accurate and precise method for the determination 
of the centre of a peak is to use a centre of gravity procedure. It should be noted 
that this not only applies to rocking curves but to other experimental techniques
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where peak positions from spectra are important (for example, photoluminescence 
experiments).
Although not fully apparent whether the centre of gravity technique is better than 
a curve-fitting routine it is not inconceivable that even the best curve-fitting 
routine may only be able to give an approximate fit to certain peaks (especially 
if the peak is asymmetric in shape). No such problem is encountered by a centre 
of gravity method.
D.6 The Effect of Background Limits on Peak Position
The centre of gravity peak determination method has been shown to be better 
(more accurate and precise) than the DCC method. As this method determines the 
peak’s centre of gravity between user-defined limits, it is of interest to determine 
how the choice of the limits affects the peak position.
To achieve this a rocking curve from sample ME633 had the substrate and layer 
peaks calculated using different limits for each successive determination. Four 
determinations were done. Figure D. $. shows the rocking with the background 
limits chosen for the layer peak (the corresponding substrate limits are omitted for 
clarity).
Table D. 3  shows the limits and resulting peak positions for each determination. 
The peak splittings calculated from these peak positions are shown in Table D. 4-,
D.9
Appendix D
ItI
1000
600
200
-1000 0 1000 2000 
position (arcseconds)
3000
Figure D. ^  The background limits chosen for the four layer peak 
position determinations.
Determi­
nation
Substrate
Peak
Position
Layer
Peak
positionLimits (arcseconds) Limits (arcseconds)
Low High Low High
1 1510.8 3650.0 2642.858 -1268.1 2010.6 460.444
2 1770.7 3410.1 2646.22 -848.2 1770.7 462.2137
3 3090.6 3190.2 2648.977 -548.4 1450.9 463.5493
4 2270.5 3010.2 2647.894 -308.4 1131.0 456.5608
X 2646.487 9. 460.692
«■n-I 2.672 <fn-l 3.034
Table D. 3  The peak positions calculated after choosing different background 
limits.
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Determination Peak Splitting 
(arcseconds)
1 -2182.414
2 -2184.006
3 -2185.428
4 -2191.333
X -2185.795
f f n - l 3.892
Table D. / f  The peak splitting values calculated from the peak positions using 
different background limits.
Comparing the standard deviations from Tables and D .X  b it is seen that 
changing the background limits does not affect the peak position and hence peak 
splitting. The effect of the background limits is negligible compared to the effects 
of random noise.
D.7 Summary
The more accurate and precise method for determining the peak position (and, 
hence, the peak splitting) has been shown to be a centre of gravity method. A 
program has been written which calculates the centre of gravity for the 
experimental rocking curve peaks.
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Figure D. 3  a (004) reflection rocldng curves for sample ME588 using 
decreasing counting times.
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Figaire D. 5  c (004) reflection rocldng curves for sample ME588.
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Figure D.4 a (004) reflection rocldng curves for sample ME633 using 
decreasing counting times.
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Figure D. 6  Three (004) reflection rocldng curves for sample ME588 
used to determine consistency in peak determination.
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Figure D. y  Three (004) reflection rocking curves for sample ME633 
used to determine consistency in peak determination.
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